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ABSTRACT

This document constitutes the final report for NASA Contract NASS5-10443
and supersedes the interim reports D2-125680-1 and -2. Included is a descrip-
tion of research conducted during the period of June 23, 1967 to January 31,
1969. Work on the program was directed toward accomplishing the main objective
which is the establishment of correlation and equivalence factors of radiation
induced nonlinear degradation of transistor current gain. Research progressed
in accordance with a modified program plan primarily as outlined in the Boeing
technical proposal document D2-125398-1, "Radiation Induced Nonlinear Degrada-
tion of Transistor Gain," April 1967 (Ref. 1).

The research described in this report, Phase II, deals primarily with
ionization induced surface effects on transistors. In addition there is in-
cluded in this work the extension of data on equivalences for displacement
damage initiated in Phase I of this program under contract NAS5-9578 and the
establishment of the feasibility of conducting simultaneously combined radia-

tion effects tests proposed for future Phase III work.

A one MeV electron exposure test of transistors was used to empirically
formulate aspects of the dependence of nonlinear damage on radiation and to de-
termine the influence of continuous electrical operation during exposure on the
magnitude of device damage. Cobalt 60 - gamma radiation exposure of devices
from the Phase I contract was extended to high doses to provide improved data
on gamma radiation displacement equivalences. Separate electron tests and
15 MeV proton tests were conducted to determine the best test plan approach
for combined synergistic tests. Proton testing at 15 MeV was extended to high
fluences to further study the importance of ionization effects and to improve

displacement equivalence values obtained under the Phase I contract.

The dependence of passive but not active transistors on collector current
during measurement of current gain was found to be consistent with that
theoretically predictable from increased carrier recombination rates at the
surface of the base-emitter junction region. A statistical study of passive
transistors revealed that effects on devices within a batch tend to behave
similarly, while devices from separate batches are likely to behave dis-

similarly if the batch numbers (i.e., the date codes) are very different.
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In addition, devices from different manufacturers are likely to be dissimilar

due to differences in surface preparation, geometry, etc.

The profile for buildup of damage with dose, analyzed in the form of
ZSl/hFE)does not consistently fit any of the anticipated exponential or simple
power law relationships. Moreover, if some of the curves of active NPN devices
are to be approximated by a power law then x > 1 values should be used.
Analysis of data in the desirable "normalized" form of relative gain loss
ZBhFE/hFEi was also performed. BEmpirical fitting of relative gain loss to a

hyperbolic tangent formulation was successful for the transistor types studied.

In general the concept of ionization equivalences for nonlinear damage
works quite well, The only (but very significant) exception was the much
greater damage sensitivity of passive npn transistors that had been exposed to

the ionization effeets of 15 MeV protons.

Various new insights into the source of nonlinear damage were revealed and
are described in detail. Although increased recombination at the silicon oxide
and semiconductor interface appears to account for most of the damage, certain
effects observed on leakage current, gain, capacitance, and I, versus Vpg
analysis indicate that charge buildup of the oxide layer (particularly for active

devices) can play a very significant role.

Significant differences in radiation sensitivity between passive and active
NPN devices were observed and are discussed in detail. Latin cube analysis of
the data from the multifactor experimental design was effective in showing no
significant interdependence between dose and either current or voltage applied
either during exposure or applied for measurement of gain after exposure. De-
pendence of nonlinear damage on dose, current, or voltage separately are desdribed

in the text.

Data on nonlinear damage to transistors exposed to pulsed electrons from
the Linac (in the combined beam mode) agreed well with steady state exposure
from the Dynamitron indicating no significant rate effects. 15 MeV proton
nonlinear damage (in the combined beam mode) to pnp transistors showed good
agreement with electron exposed devices based on total absorbed dose. Proton
effects on npn transistors, however, showed much greater damage than electron
effects for the same dose. Thus proton exposures were extended to high fluences
to determine when displacement effects dominate. An anomalous sensitivity to

active biasing during proton exposure was also observed.
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Results of separate Linac electron and Dynamitron proton testing (in

the combined beam mode) have, however, established the feasibility of

combined beam testing.
It is recommended that a Phase III effort to this program be planned.

That phase should include simultaneously combined electron and proton ex-

posures, Due to more severe proton damage and somewhat opposing results of
electron damage (ratio of active bias to passive) to npn devices, it is sug~
gested that significant additive synergistic effects will be observed. It is
also recommended that the latest high reliability device types (typical of

new space system utilization) be tested along with base line 2N1613

A captive assembly line could be utilized to assure processing

transistors.
control as well as identification and selection of various specific surface

In addition, due to the unpredicted response observed on the

properties.
precursory testing of npn transistors actively operated during proton

exposure, it is proposed that studies of proton damage as a function of

active bias during exposure be conducted to complement similar studies

already conducted with electrons.
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1.0 INTRODUCTION

1.1 PURPOSE

The overall needs that relate to space mission radiation vulnerability of

electronic systems include the ability to:

1. Extrapolate from laboratory-simulated radiation tests to space radia-

tion performance;

2. Extrapolate from performance on an in-flight test to other space

mission conditions;

2. Generalize from radiation effects on a limited number of transistors

to the effects on many types; and

L4, Develop techniques to allow for standardization in qualification

testing of new devices.

This contracted study serves as the second phase of a planned effort
directed toward meeting those needs listed above. In particular, it is the ob-
jective of this contract to establish correlation and equivalence factors for
radiation induced nonlinear degradation of transistor current gain (ionization
induced surface effects) for use in the evaluation of semiconductor devices for

spacecraft missions.
1.2 PROGRAM SCOPE AND DESCRIPTION

Phase I of this program was completed under NASA Contract NAS5-9578.
The objective of Phase I research was the establishment of valid space radiation
equivalences for permanent displacement damage to silicon transistors. The
results of that work (specifically the relative effectiveness of electrons and
protons of different energies as well as Cobalt-60 gamma rays) were reported in
NASA report CR-81k, "Space Radiation Equivalences for Effects on Transistors,"
by R. R. Brown and W. E. Horne, July 1967. (Reference 2).

Phase II of this program was conducted under this contract NASS5-10443,
"Radiation-Induced Nonlinear Degradation of Transistor Gain." The integration
of efforts and goals of Phase I and Phase II are shown in Figure 1 as well as

the proposed Phase III efforts.
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The work in Phase II was divided into three tasks.

Task A -- Empirically formulate the dependence of nonlinear damage on

radiation, by:

1. Establishing the dependence of nonlinear gain degradation on the

emitter current at which the gain is specified.

2. Determining the statistical spread in the increase of nonlinear
damage with radiation exposure for: (a) one batch type; (b) different batch

types; and (c) devices from manufacturers with different processing controls.
3. iBstablishing ionization equivalences for nonlinear damage.

L. Exploring the source of nonlinear damage by the use of Vpg versus

Ip analysis and initial parameter correlation.

Task B -~ Determine the influence on radiation equivalence for operation

of devices under continuous electrical bias during exposure, by:

l. Using a multifactor experimental design to irradiate transistors
under various combinations of: (a) particle exposure; (b) operating current,

Ié; and (c) bias voltage, Vé.

2. Using a computer program for a statistical analysis of the functional

dependence of gain degradation on particle exposure, Iﬁ,and Vé.

3. Modifying ionization equivalence values due to electrical operating

conditions.

4., Recommending extended applied bias testing for proton ionization

effects.

Task C -- Establish the feasibility of conducting combined effects tests
to determine synergistics, by:

1. Integrating the Linac and Dynamitron beam handling systems in order to

provide capability for simultaneously combined electron and proton exposure testing.

2. Conducting a separate electron test on transistors using the Linac (in a
combined beam configuration) to determine if similar damage is obtained as that

observed by steady state Dynamitron testing used in Tasks A and C.



3. Condtcting a separate 15 MeV proton test to extended exposure levels

(in a combined beam configuration) to assess the relative role of surface effects

and displacement damage.

4, Recommending an appropriate approach for combined exposure testing

based on results of Task B.2. and B.3.
1.3 SUMMARY OF WORK PERFORMED

Major tasks of this program were directed toward obtaining data important
to the understanding of ionization induced surface effects (primarily gain
degradation - nonlinear damage) on transistors. Efforts were primarily oriented
toward applications of data important to the assessment of system vulnerability

and prerequisite to design hardening.

wWork was accomplished in accordance with the program description of
Section 1.2. 1In general this included preparation of transistors for test by
proper selection, burn in and culling, coupled with electrical characterization.
Beside the measurements of 16 parameters (hFE at various injection levels, IEBO'
es.) oOn all devices, using an automatic transistor tester, special

Icro' Vsat
measurements (IB vs. VBE’ IEBO Vs, VR, ICBO vs. VR' CBE’ CBC"') were also

performed on selected groups of devices in order to aid in the interpretation
of the data. Radiation tests performed on these devices include: 1) 1 MeV
Dynamitron electrons, 2) Cobalt-60 gamma rays, 3) 2.9 MeV Linac electrons, and
4) 15 MeV protons. The behavior of selected devices, 2N1613 - NPN and 2N1132 -
PNP, was monitored during exposure under both passive and active conditions,
The results of these tests were analyzed by computer, wherever feasible, for

each task.

The separation of nonlinear damage for 10 different types of transistors
exposed to 0.5, 1.3, and 2.0 MeV electrons during the phase I contract (NAS5-
9578) was completed. Further computer analysis of that data at IE = 2.8, 5,
and 10 ma was used to show that the relative increase in nonlinear hFE degrada-
tion with decrease in the level of emitter injection during measurement was

similar for widely different transistor types.

Extensive analysis of the current test data from the present contract
(phase II of the program) was used to extend the study of the dependence of

gain degradation on the collector current at which the gain was measured. This



dependence is given both in mathematical and in parametric representation.
Although gain degradation was most drastic at the low current values, it was
significant even at high currents. Plots hFE‘ ZShFE, l)hFE/hFE., l/hFE, and
ZB(l/hFE) as a function of I, at different fluence levels and/o% as a function

c
of fluence for a family of different I, values were studied. The general

c
validity of the theoretically predictable dependence of degradation on IC
was verified for different types of radiation (for transistors exposed only
passively to radiation). Transistor operation under active bias during ex-

posure did not conform to the theoretically predicted formulation.

Both NPN and PNP transistors were procured from two manufacturers,
Fairchild and Raytheon, with various date codes in order to study the dif-
ferences in irradiation response among the devices within a given date code,
between different date codes, and between manufacturers. The results of
that study indicated first that the spread in damage in terms of relative
gain loss of passive transistors was not great among all device batches
tested. Even NPN and PNP transistors showed gain degradation of the same
order. Furthermore, devices from one date code and manufacturer behaved
similarly while dissimilarities between very different date codes was
prevalent. Devices originating from different manufacturers were also sub-

ject to differences in surface processing techniques, etc.

Comparing devices from different sources, as to their radiation
sensitivity, raised the problem of finding the proper quantity(ies) in terms
of which the devices could be compared. Both Z}l/hFE and ZShFE/hFE. were used
for such purposes. A considerable interest was focused recently on the
problem of predicting nonlinear damage by finding the proper functional
relation between gain degradation, in terms of ZSL/hFE and fluence (or dose).
A simple power law of the form Al/hFE = constant & (0 < x < 1) is advocated
by some workers. Our results, however, indicate that other functional forms
may be more desirable. Moreover, if some of the curves for active NPN devices
are to be approximated by a power law then x > 1 value should be included. An
interesting and useful relation between gain loss éBhFE and initial gain, hFE-'
was noted experimentally, resembling a correlation between these two quantities

in a certain fluence range. Consequently, an approximate prediction of gain



loss from initial gain is possible subject to some limitations and a form of
normalization is effected by using relative gain loss éshFE/hFE . Empirical
formulations using the hyperbolic tangent provide a reascnable }it between

relative gain loss and absorbed dose.

The degradation of the transistor parameters are interpreted in terms
of the current models of the effects of ionizing irradiation on oxidized
silicon surfaces. Namely in terms of the positive charge accumulation and
of the new interface states. A tremendous difference in radiation sensitivity
between the passive and active NPN devices was observed. The active bias
during exposure strongly enhanced gain degradation. Charge accumulation on
the SiO2 surface was also enhanced by the active bias; the redistribution of
these charges during off-beam and off-bias periods gave rise to slow drifts
(recoveries) in the transistor parameters. .No differences were noted, how-

ever, between the active and passive PNP devices.

The hypothesis of ionization equivalence for nonlinear damage to passive
transistors was explored. In general, equivalences on the basis of total dose
appear to hold for X-ray, gamma ray, electron, and proton exposure of passive
PNP devices and all but proton exposure of passive NPN devices. An anomalous
exception to the total dose equivalence concept for passive transistors was

observed with 15 MeV proton nonlinear damage to NPN transistors.

Active operation during exposure significantly enhanced the sensitivity
of NPN transistors to electron induced nonlinear damage. Latin cube com-
puter analysis of the multifactor experimental design provided data on the
dependence of damage on electrical biasing and revealed information on the
interdependences between current, voltage, and dose. Because of the in-
crease of damage for active NPN devices and because of post irradiation re-
covery, pulse tester techniques were developed for the 2,9 MeV electron test
and the 15 MeV proton test. The pulse tester measurements were made in situ
without disconnecting any bias voltages. In the 15 MeV proton test im-
portant anomalies in the ratio of active to passive NPN transistor damage
was observed.

Displacement equivalence values were updated. Computer analysis of the
old data (NAS5-9578) was also used to obtain damage constants at I_ = 2.8 ma

E
and in turn equivalence values for displacement .damage. The independence of



equivalence values on current injection level further extends the validity
and usefulness of the equivalence concept. Damage constants for gamma ray

displacements were revised by extended testing to high exposures.

Extended proton tests helped to clarify the relative role of ioniza-
tion and displacement effects. Although nonlinear damage appears to dominate
at low exposurea, the concept of ionization equivalence appears to be violated
by proton damage. The feasibility of combined testing (simultaneous proton
plus electron) was established, the recommended test setup is described, and
the need established. Conclusions from the phase II work and recommendations
for a future phase III program are described and justified in Sections 2.0

and 4.0.



2.0 DETAILED DISCUSSION OF PHASE II WORK

Phase II work included extensive pre-test preparations of transistors,
execution of four radiation tests, and detailed analysis of the test results.
Radiation tests included steady state and pulsed electron exposures, extension
of Phase I Cobalt-60 gamma ray exposure, and extended 15 MeV proton exposure.
The radiation test plans were devised to provide data on: 1) the characteriza-
tion of nonlinear damage, 2) the influence of electrical bias,during exposure,
on damage buildup, 3) the updating of displacement equivalence information,and

4) the feasibility of conducting simultaneously combined radiation testing.

2.1 PREPARATION OF TRANSISTORS

Pretest preparation of transistors included selection, burn-in, and
electrical characterization. Transistors were procured as specified by type,
manufacturer, and date code. They were "burned-in'" by high power stressing
and culling was performed on the basis of both manufacturer specifications
and instability of key electrical parameters. A detailed electrical charac-

terization of all test transistors was performed.
2.1.1 Selection of Transistors

Emphasis of the Phase II program was placed on the npn (2N1613) and the
pnp (2N1132) oxide passivated diffused planar transistor types. They were se-
lected from the 10 silicon types previously studied under Phase I (NAS5-9578).

In the process of Phase I work the importance of ilonization-induced surface ef-
fects were emphasized, preliminary empirical characterization was attempted, and
an hypothesis was made concerning its origin. In Phase II only two registered
types of transistors were selected, in order to study more effectively the source
of this surface effect and its dependence on the type and energy of incident

radiation as well as its statistical dependence on date code and manufacturer.

A group of 356 transistors were procured for Phase II study. These
transistors were selected from two different manufacturers (Fairchild and
Raytheon) with specified lots of different series numbers. The transistor series

numbers are related to the work items of Section 1.2 as indicated in Table 1.



Table 1. Identification of Phase II Transistors
De:r::;e gi;: 1 Mev Electron 2 Mev Electron 15 Mev Proton Tz:re%
Manufacturer No Bias Bias No Bias Bias No Bias Bias
F-2N1613 701 10 20 8 2 13 6 59
F-2N1613 552 10 20 30
F-2N1613 615 10 10 20
F-2N1132 721 10 10
F-2N1132 736 10 10
F-2N1132 621 10 10
R-2N1613 446 10 10
R-2N1613 6545 10 10
R-2N1613 6625 10 10
R-2N1132 6523 10 20 8 2 8 2 50
R-2N1132 6649 8 20 30
R-2N1132 6710 10 10 20
TOTAL 118 100 16 4 21 8 269
NOTE: F = Fairchild
R = Raytheon



Unbiased (passive) transistors included 38 Fairchild 2N1613, 30 Raytheon
2N1613, 36 Raytheon 2N1132, and 30 Fairchild 2N1132 used in the electron tests
and 13 Fairchild 2N1613 and 8§ Raytheon 2N1132 used in the 15 MeV proton test.
Biased (active) transistors included 52 Fairchild 2N1613 and 52 Raytheon 2N1132
used in electron tests and 6 Fairchild 2N1613 and 2 Raytheon 2N1132 used in

15 MeV proton tests. The biased devices were used to reveal the influence of
the different bias conditions on the nonlinear gain degradation. Date code
series number selections were made not only to observe differences of damage for
different series numbers, but also to provide more assurance that the semicon-
ductor batch, the construction details, and the surface conditions within one
test unit are the same. The date code marked on the device can is simply an
indication of the year and the week when the device passed its final electrical

test during manufacturing.
2.1.2 Burn-in and Culling of Transistors

All transistors were given a 75 hour "burn-in" test in order to eliminate
those devices which were initially of potentially poor quality. Electrical biasing
conditions for the burn-in was chosen (Table 2) in order to operate the devices at

near maximum current and voltage stress.

Table 2. Biasing Conditions for Burn-in

Device . .

Type IE (ma) VCE (volts)| Power Dissipation (mw)
2N1613 Lo 19 760

2N1132 30 19 570

The burn-in test was conducted using circuits as shown in Figure 2. Electrical
parameters to be used for determining device stability were measured on the
Fairchild Series 500 transistor tester both before and after burn-in. The criteria
for culling of some transistors were either failure to meet manufacturer's specifi-

cations or excessive drifts in electrical parameters.

10
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2.1le3 Electrical Characterization of Transistors

2.1.3.1 Fairchild Series 500 Test Data

The Fairchild Series 500 transistor tester was programmed to automatically
perform 16 sequential measurements per transistor., Data from all transistors was
automatically logged on IBM cards using a Fairchild Model Option K data logging
module, and an IBM 526 Card Punch.

The Fairchild Series 500 test set was programmed to measure the following
parameters: d.c. common emitter current gain, hFE’ at a collector voltage of 10
volts and at emitter currents of 10, 30, and 100 pa, 1, 3, 10, 20, and 4O ma;
VCE(sat) at hFE = 10 for IC = 150 ma; ICBO at -VCB = 5, 20, and 60 volts for
2N1613's and -VCB = 5, 20, and 50 volts for 2N1ll32's; IEBO at -VEB =1, 3
and 6 volts (except for Fairchild 2N1132's which were tested at 1, 2, and 4
volts). Current gain values for collector currents of 2 ma and above were made
using the short pulse mode (350 Psec) in order to limit device heating. A Wyle
Environmental Chamber Model CN 1060640 is used to control the ambient transistor
temperature to 35 + 1/2°C during measurement. Following irradiation auxiliary

equipment for low gain readings on the Fairchild (below a gain of 1.9) were

occasionally required and used.

To verify instrument repeatability "standard'" transistors were measured
periodically and values are compared with those obtained earlier. Measurement
of hFE with and without corrections for increased leakage current were compared.
In general increase in leakage current was too small to effect a change in hFE

values.,

2.1.3.2 Special Measurements on Selected Devices

Table 3 summarizes the program of special transistor measurements made

on selected devices for 1 MeV electron tests of Tasks A and B.

(-]
IC and IB Versus VBE (at 35°C)

This type of measurement was useful in the past in locating the radi-
ation damaged region of a transistor thus in providing clues about the source
of the nonlinear damage. Early work has shown that the different base current
components, originating in the different transistor regions, could be identified
from the IB versus VBE measurements. (Ref. 3). The limits of interpretation,
the significance of the data, together with the physical origin of IB are dis-

cussed in Appendix I. The usefulness of the measurements in our work is de-

monstrated in Section 2.3.5.

12
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Table 3. Special Measurements on Transistors

“ Number of the

Measurement Test Londitions when Measured Transistors in Types
2N1613 2N1132
1 d I versus V T =35° Before and after irradiation 20 \ 20
¢ and i Versus Vg Vg = (0.1-0.72)V x After every third & | 5 5
T = 35°C
lEBO and ICBO Vg = v After each il( , 10 | 10
v_. = 10V j i
BC ; .
T = 35°C~200°C [
IEBO' ICB@ versus T V... f 'l Before grradiation- 10 i 10
V.. = 10V |
B\d !
T = 35°C mcAfter every third 5 5
Igmor Tepo Yersus ¥ T = 100°C Before irradiation % 5 5
CBE(OV)' CBC(GV) T = room temperature After each F 10 10
T = room temperature
C C.. versus V v, = (0-6)V Before and after irradiation 5 5
EE' "B VEE o (0-24)V
BC
T = yoom temperature
t. from h!’E(db) tester | £ = 30 MHz Before and after irradiation 70 70
b =
IE = (0.7+40) ma
(All Fo bias transistors
in the 1 MeV electron
test)




The measuring curcuit used is given in Figure 3. The current was measured
by a Keithley Model 410 micro-microammeter below 3 x 10—4 ampere and by a Weston
Model 62 milliampere meter above 3 x 10_4 ampere. The voltage source used was a
Power Designs Model 2005 precision power supply. A special electrical circuit
controlled the temperature of the copper-cylinder over (35 * 0.1°C) in which the
transistors were positioned. A typical Ib and Ic versus VBE curve is shown in
Figure 4 for a 2N1132 transistor. Two base current components of IB are identi-
fied in this figure.

CBE and CBC at Zero Bias and CBE and CBC Versus Reverse Bias

(Room Temperature)

The measurements of the junction capacitances were also useful in studying
nonlinear damage in transistors since they indicate the onset and existence of sur-

face inversion during exposure.

The measurements were carried out by using the Boonton Model 74C~58 ca-
pacitance bridge with its built-in bias supply. The bias voltage was monitored by
a Fluke Model 801 differential d.c. voltmeter. The 100 KHz signal level was = 20 mv
as monitored by a Hewlett-Packard Model 400H a.c. voltmeter.

Figure 5 shows capacitance versus voltage data with and without an assumed
value of the junction contact potential for a 2N1613 transistor. The slope of the
lines gives the anticipated power law dependence of the capacitance on voltage,

C o VK. The K value for the 2N1613 trunsistor is -2.9. K values should be com-
pared with those obtained from the power law dependence of the bulk space charge
recombination-generation current on voltage since in both cases the power law de-

pendence simply reflects the voltage dependence of the junction width.

Reverse Current (I ) Measurements

EBO’ ICBO

The reverse currents by their physical origin (thermal generation currents
in the different transistor regions; See discussion in the Appendix) are excellent

monitors of surface conditions. Consequently, I (2V) and I (1ov) data at

EBO CBO
35°C were taken before and during the 1 MeV electron test. 1In addition, in order

14
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to obtain a more complete characterirzation of our selected group of planar

devices prior to irradiation, I versus Temperature and IEBO’ I

EBO’ 1CBO CBO

versus Voltage measurements were also carried out. The information obtained
was somewhat complementary to the IB versus VBE analysis, i.e., the relative
importance of the different spatial components of the thermal generation cur-

rents was revealed. The following figures show that before irradiation the

surface component of the reverse current was negligible for the NPN but not
for the PNP devices.

IEBO (2V) and ICBO

in Figures 6 and 7 together with the activation energies characterizing dif-

(10V) versus inverse temperature curves are shown

ferent current components in different temperature ranges. The activation
energies of &~ 0.6 eV and = 1.2 eV obtained from the slopes indicate the bulk

space-charge region generation current, and the diffusion current, ID’

IBRG
respectively. The measuring circuit is shown in Figure 3. The instruments

used were the same as those in the IC and IB versus VBE measurements., A dif-

ferent temperature chamber Was used, however, a new oven was constructed of

aluminum to have a smaller thermal mass.

The IEBO and ICBO versus voltage measurements were carried out on 10

devices and are shown in Figures 8 through 11 for 35°C and 100°C respectively.
° . . ° .
At 35°C IBRG is dominant over ID. At 100°C ID starts to dominate IBRG' At

35°C the current values were so low that is was impractical to take IEBO data

below 100 mv and ICBO data below 10 mv. For VCB above about 100 mv the pre-

dicted power law dependence of (I ) on voltage is clearly seen for the case

BRG

of 2N1613 giving TocvE = VZ'?. (K = 5?8 was obtained in the CBC versus reverse

bias measurement, the discrepancy is not understood.) The ICBO versus V curve
in Figure 9 for 2N1132 does not lend itself to simple power law analysis« This
apparently indicates the presence of some other current component above 100 mv,

presumably a surface generation current in the transition region.
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At 100°C the buildup of current between 1 mv and 100 mv is due to the
diffusion current. Above 100 mv the current reaches saturation, at least for
the 2N1613, indicating the absence and thus the relative insignificance of the

I component in this temperature range.

BRG
tb from hFE Values

Base transit time values were determined from hFE data. The whole pro-
cedure is described in complete detail in a later section where the method of
obtaining base transit time values for devices used in the Phase I program is
presented. Small signal a.c. current gain measurements were made, at room
temperature, using a Fairchild Model 75155 hFE tester. This instrument measures

hFE in db to the nearest 1/2 db.

Values of base transit time were used in Phase I studies to effectively
normalize linear displacement damage. Consequently tb values are useful

in the effective. separation of linear and nonlinear damage.

2.2 RADIATION TESTS

Four separate radiation tests were conducted during this program. These
included steady state 1 MeV electron exposure using the Dynamitron accelerator,
Cobalt-60 gamma exposure using the Gammacell 200, 2.6 MeV electron exposure
using the Linac accelerator, and 15 MeV proton exposure using the Helium-3
deuterium reaction. The latter two tests were conducted in a combined beam
configuration. Results of these tests are later summarized in this report ac-

cording to the major tasks to be accomplished.

2.2.1 1 MeV Electron Test

The 1 MeV electron test provided most of the data for Task A on general
characterization of nonlinear damage as well as data for Task B on the influence

of continuous bias during exposure.

The electron test setup used in the initial Phase I work (NASA report Ref. 2,

NAS CR-814) was improved in preparation for the 1-MeV electron test. The beam
handling system is essentially the same as that shown in Figure 12. Changes to
this system include: 1) a four element slit system (current pickup capability

on the slits) used to position and monitor the beam, 2) an automatic remote
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controlled rotating Faraday cup for dosimetry mapping, 3) an aluminum block
mounted beside the rotating Faraday cup. This can be rotated into a position
to block and monitor the electron beam at its entrance to the test chamber, and
L4) a one-fourth-inch thick aluminum diaphragm mounted so as to baffle electrons
scattered at large angles and prevent them from increasing the low energy back-

ground at the transistor mbunting plate.

A 10 mil aluminum foil was selected in order to obtain a reasonably
uniform exposure of.transistors positioned on a large diameter ring, cylindrically
symmetrical to the beam axis. Scattered beam intensity versus scattering angle is
shown in Figure 13. Rings of transistors were located at 22 and 26 degrees scat-

tering angle,

TLD powder dosimeters were mounted in the test chamber during the beam
mapping tests. Total dose as determined from measurement of the TLD powder,
agreed well with fluence values calculated from current reading taken from the

rotating Faraday cup.

Other relevant experimental details of the 1 MeV electron test are given

below:

Source of electrons: The Dynamitron accelerator provided the DC electron

beam. The beam energies were approximately 1.4, 1.3, and 1 MeV when incident on
the 10 mil Al scattering foil, on the 8 - 11 mil Kovar transistor can and on the
Si chip respectively. Although electrons with 1 MeV energy cause lattice displace-
ments in silicon, the number of such events is relatively small below about lO15
electrons/cm2 fluence. No effects on the transistor parameters due to lattice
displacements were observed below the quoted fluence value. Fluence values noted

on all plots are not for exposure on transistor cans, but rather corrected for trans-
mission loss through the metal cans, i.e., exposure on the silicon chip.

Beam intensities: Exposure rate was increased by a factor of about 50

during the course of the experiment. (Initial stages: 1/2 pa; final stages:
2k pa incident beam on the scattering foil.) Such variation was a practical
necessity in order to cover about 4 orders of magnitude in fluence values

within reasonable times. The absence of rate effects was verified during the
Linac electron tests. )
Temperature of irradiation (as monitored by a Copper-Constantan thermo-

couple, fastened to the transistor cans): Temperature varied between 25 and

32°C for the unbiased transistors and between 35 and 41°C for the biased
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transistors. Tirr increased gradually as higher and higher beam intensities

were used. Most of the biased transistors were heatsinked in order to avoid
excessive temperatures due to internal heating.

Fluence values: 17 fluence points were chosen in the range of about

3 x lOll -3 x 1015 electrons/cmz. In the calculation of the actual fluence

values the transmission losses suffered by the electrons, when traversing the
transistor cans, were taken into account. Thus, all fluence values shown on

plots and tables is for radiation incident on the semiconductor chip.

Measurement conditions after irradiation: The bias supply was turned off
within two minutes after completion of a given irradiation. Generally, the pulse
measurements of gain and other parameters were started on the Fairchild Series
500 within less than an hour and were completed within an additional 2-1/2 hours.
Forward biasing of certain selected devices also took place from time to time
during the IB and IC vVS. VBE measurements. The reason for stressing these condi-
tions now is that in certain cases a recovery of surface damage was observed in-
between irradiations, even at room temperature. This recovery might have been a
simple function of time and/or it might have been initiated or accelerated by the
measurement itself (due to the injection). Consequently, it was desirable to

monitor the conditions.
2.2.2 Cobalt-60 Gamma Ray Test

The Cobalt-60 gamma ray tests provided data not only for revised values of
displacement damage constants and equivalences but also provided further informa-

tion on techniques for simulation testing.

Transistors were mounted on a c¢ylindrical holder and lowered into the
center of a cylindrical source array. The cylindrical source array was contained
in a Gammacell 200, shown in Figure 14. The irradiation was conducted in air. No
electrical bias was applied to the devices during irradiation. The radiation field
was mapped using cobalt glass chips. These chips were read, using a Beckman DU
spectrophotometer, to a relative accuracy of about 5.0 percent and an absolute
accuracy of about 10.0 percent. Exposure dose rates for this configuration are

shown in Table 4,

Exposure values were extended from that at the end of the Phase 1 contract
(NAS5-9578) , approximately 3 x 107 R to 6 x 10°
the period from July 1967 to August 29, 1968.

R. The extended testing covered
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Figure 14:  TRANSISTOR MOUNT FOR GAMMACELL 200
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Table &.

Gammacell 200 Exposure Dose Rates

Transistor Phase T -1
Pype Device No. Dose Rate (R hr ~)
2N1613 22 7.42 % 102
24 7.17 x 10,
25 6.56 x 10
2N1711 20 7.30 x lOZ
21 6.63 x 10,
22 7.25 x 104
23 6.85 x 10
2N2219 20 7.22 x 102:
21 7032 X 104
22 6.57 x 10,
23 6.95 x 10
2N1132 20 7.22 x 1ot
21 6.57 x 10,
22 7.30 x 10,
23 6.85 x 10
2N2801 20 7.43 x 102
21 6.95 x 10,
22 7.07 x 10,
23 6.53% x 10
N2kl 20 6.85 x 1ot
21 6.63 x 10,
22 7.30 x 10,
23 6.53 x 10
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2¢2.3 2.9 MeV LINAC Electrons

The electron source for these tests was the LINAC which provided a
four microsecond pulse of 2.9 MeV electrons at a repetition rate of either
15 or %0 pulses per second. The electron beam was scattered by a two mil
titanium window., This foil isoclated the LINAC vacuum system from the
scattering chamber vacuum system where the samples were mounted and also
served as the beam scatterer. A rotatable Faraday cup capable of being
interposed between the LINAC and the test devices was used to sense the
electron beam current and as an aid in tuning the LINAC. Rotating the
Faraday cup out of the way, the scattered electron beam was detected by
a calibrated photodiode (D3 of Figure 15) mounted on the target aperature
plate near the test transistors. Passive dosimetry was placed inside and
outside transistor cans and the preliminary dosimetry taken correlating
the absorbed dose (inside and outside the cans) with the photodiode response
[Rads (si)] per pulse times number of pulses). During the actual testing the
photodiode was used as an aid for adjusting the target dose and actual dosi~
metry was taken using passive dosimeters placed near the transistors. The
fluence of incident electrons.per Rad (Si) absorbed by the transistor chip

inside the can was 4.14 x 107 electrons cm_a/Rad (si).

2.2.4 15 MeV Protons

Figure 15 illustrates the test configuration for the 15 MeV proton
test and serves as a detailed drawing of the general figures of Section 2.6.
A two MeV He3 beam from the Boeing Radiation Effects Laboratory Dynamitron
was directed onto a deuterium loaded titanium target and the protons produced
in the He3(D2, p)Heq reaction were used for these tests. An initial horizon-
tal mapping centered about the target and in the plane of Figure 15 was made
to determine the angular distribution of the protons and their energy de~

pendence on angle.

A detector system consisting of a 2000 micron thick Silicon surface
barrier detector, a pre-amplifier and a 512 channel Nuclear Data pulse height
analyzer was used to determine energy and resolution. The detector was mounted

at the end of a rotatable support arm (the same support arm shown supporting the
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rotatable Faraday cup and D2 in Section 2.6) whose pivot point was directly
above the deuterated titanium target. It was determined that the 15 MeV
protons emerged from the target at an angle of 90 degrees to the He3 beam.

A vertical mapping centered about the target at a radius of 2.2 inches was
then made to determine flux uniformity at positions where the test transistor
would be placed. The same detector system was used in ths mapping (D1 of
Figure 99 of Section 2.6) and another monitor detector (DZ) was placed at

118 degrees to provide monitor counts correlated to the vertical mapping

for use during the actual testing. A scintillation counter was mounted on

the front face of the scattering chamber and it viewed the target thrcugh a
hole in the target aperature. This counter was intended to be used in the
same capacity as the mounitor detector but it was found that its output
(counts/min) was a function of beam position on the target and it was not

used in this capacity. Instead its output, which was recorded on a strip
chart recorder, was used as & guning indicator for the Dynamitron. The
chamber aperature, target aperature, target, and target support were insulated

3

from ground and any He” beam striking any of these parts of the system was

3

monitored in the control room to provide steering information for the He” beam.

After the preliminary dosimetry the vertical mapping detector was re-~
moved and the transistor mounting surface (see Figure 16) was attached to the
target support structure. Passive dosimetry was then placed inside transistor
cans which were taken frem the same batch of transistors as the transistors
which were tested. This provided dosimetry in terms of rads (Si) correlated to
the monitor counts. The incident proton fluence per Rad (Si) absorbed by the

transistor chip inside the can was 2 x 106 protons cm—Z/Rad (si).
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Figure 16:  TRANSISTOR MOUNTING FIXTURE
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2.3 TASK A CHARACTERIZATION OF NONLINEAR DAMAGE

2.3.1 Dependence of Nonlinear Damage on Measurement Current

One of the tasks of this contract was to evaluate empirically the de-
pendence of nonlinear damage on the collector or emitter current, at which
the current gain is measured. Some data were generated from extended analysis
of the phase I tests, but most of the data resulted from new tests performed

under this contract.

Computer analysis of test data obtained in contract NAS 5-9578 was per-
formed in accordance with the technical proposal. This analysis provided
further information on the dependence of nonlinear degradation on the value
of collector current at which the gain was measured as well as further validity
of equivalences for displacement damage (the latter will be discussed in
Section 2.5). An example of the increase in nonlinear damage with decrease in
the value the collector current (10, 5 and 2.8 ma) from the phase I test is
shown in the computer plot of Figure 17. The separation of nonlinear damage
for the 10 different types of transistors exposed to 0.5, 1.3, and 2.0 MeV
electron irradiations have been completed and are shown in Section 2+.3,3.1. The
dependence of dumage on measurement current found from extended computer
analysis of the ten types of transistors from phase I tests was in agreement
with more extensive data obtained on the two transistor types used in the new

tests.

Measurements of gain for the 1 MeV electron and other phase II tests
were made at collector currents from 10 pa to 40 ma. An example of how the
significance of nonlinear damage increases at low measurement currents is
-illustrated in Figure 18. Data shown in that figure are values averaged from
30 2N1613 Fairchild transistors exposed passively during the 1 MeV electron
test. The nonlinear character of the damage is indicated by the deviation
from the "linear" displacement line. The basis of that line and equations

relating to displacement effects are discussed in Section 2.5.

The fact that the nonlinear curves are nearly parallel can be explained
qualitatively. The function é}l/hFE, which is plotted against &, can be ex-

pressed as
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ZSl/hFE =

where } Ig is the sum of excess base current components built in by exposure
~ "x
to ionizing radiation. For two different IC values at a given @, the ratio
(i.e., the distance between them on log scale) is given by
I I
Byn, e o,

= -— (2)
(A.l/hFE)2 ZIBx Icl
2

Now the question is whether or not this ratio varies with fluence; if it
remained nearly constant then the L}l/hFE vs. & curves with different IC
values would be approximately parallel on a log-log plot. Icl/IC2 is
independent of fluence as well as the ratio of the extra base currents, at
least when they are dominated by the surface components, since the ratio

depends only on V__'s necessary to get the desired IC values. The effect of

BE
increasing the number of interface states ([}Nt) with dose should drop out,

since both Ip, and IBx are proportional to ANyi.
1 2

Gain plotted as a function of IC before and after irradiation is
shown in Figure 19. The 2N1711 transistor data given in Figure 19 are for a
passive exposure to Cobalt-60 gamma radiation. More enhanced damage to npn
transistors is observed when they are operated actively during irradiation

(section 2.4).

It is also important to consider [thE/hFEi as a function of IC since
the relative gain loss is of interest to a circuit designer. An example of
this type of data is shown in the computer plot of Figure 20 for a passive
2N1132, The figure expresses the fact, emphasized throughout the report, that
although nonlinear gain degradation is usually most severe at low current
levels nevertheless it can be significant even at higher current values.
Characteristic plots of this type are similar for both 2N1613 and 2N1132 transistors.
Relative gain loss initially built in rapidly at low current then as it begins
to slow down the high current losses accelerate. Thus the slopes of ZShFE/hFEi

plots do not provide a convenient functional relationship with IC.
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The most meaningful way to plot damage as a function of IC' for
empirical characterization, is shown in the computer plot of Figure 21. The
functional relation between Z}l/hFE and IC’ subject to certain assumptions,
is derived in Appendix I and is approximately given by

AQ/m g const. 1,/™1 (3)

This relation on a log-log plot would result in straight lines. Experimental
data on passive transistors, at least at low currents and exposures where
ionization induced surface effects dominate, did in general exhibit such
straight line plots. The slopes of the lines furnish the '"'n" values which
can identify the spatial origin of the dominant base current components at
different fluences. That method of analysis is also discussed in Appendix I.
In order to show the "n" value prior to irradiation, a l/hFEi vS. IC line

is also included in Figure 21. From the flatness of the l/hFEi line we see
that initially n 1.3 at IC = 10 pa and n < 1.0 at 20 ma. For the 2N1613

transistor seen in Figure 21, [\(l/hFE) data indicates that an n value of

114

approximately 1.7 builds in for low exposures and low current. From that n
value the spacing between the IC curves of Figure 18 can be accounted for

quantitatively. From Equation (3)

v (1/n-1)
[S(l/hFE)l IC v
_— L (4)
AlL/h ) I, |
FE 2 Czl'

and with an n value of 1.7 for 2N1613 transistors we find for the ratio of
10 na 0.1 ma 1 ma

currents (lOO = 1ma’ 10 ma) that
A(1/h )
—71—/?% T 100%" ¥ 2.6 (5)
A FE’
Actually
Zl(l/hFE) = l/hFE - l/hFE. (6)

1
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where hFE- is also a function of IC. Thus, the value of Equation (5) fits

i
Figure 18 best at low currents and high exposures where

Al/hFE 4 1/hFE (7

Eventually at high enough electron exposure the dominate component of
n value for high currents corresponds to n = 1 typical of displacement damage
in the bulk of the base region. The fluence at which this occurs (n = 1 in
Figure 21) is the same as the fluence at which the electron damage of Figure 18
becomes "linear". N values for nonlinear damage to passive transistors varied
from about 1.4 to 1.7, typical of that expected for recombination at the sur-
face of the base-emitter junction regions (Ref. 3). In general, Fairchild
transistors had steeper [}(l/hFE) vs. IC
Raytheon 2N1132 and 2N1613 transistors had n

plots than Raytheon devices, i.e., a
stronger dependence on IC.
values of approximately 1.5 while Fairchild 2N1613 and 2N1132 had n values

closer to 1.7 for nonlinear damage. Devices from both manufacturers, however,

tended toward n = 1 when displacement damage began to dominate.

Results for nonlinear damage caused by Cobalt-60 exposure are shown
in Figure 22 for l/hFE versus IC. It should be noted that of course for low
exposure l/hFE Q'l/hFEi thus thg n value for slope is close to n = 1. However
as exposure increases to 1 x 10 rad Si the n value approaches 1,7 typical of

the electron example of Figure 21.

Similar results (n = 1.7) for 15 MeV proton damage are shown for
[}(l/hFE) in Figure 23 for a 2N1613 transistor in the low exposure region where
nonlinear damage dominates. For proton induced displacement damage, from the
review of devices tested in phase I (as seen in section 2.5), the slope of

ZS(l/hFE) vs. IC is practically zero indicating a value of n ¥ 1 as expected.
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2.3.2 Statistical Spread

For accurate predicting of transistor gain degradation due to ionizing
irradiation, one should consider the statistical spread in response among
presumably "identical" devices during identical exposure conditions. Spread
in gain degradation is clearly expected among transistors, the question is how
much. Initial surface conditions are critical for controlling certain tran-
sistor parameters and for influencing their degradation by surface ionization.
More specifically, the oxidation conditions and surface cleaning techniques

may determine not only the low current values of gain but also the degradation

of that gain with exposure. Although the silicon chips are presumably subjected

to "identical" fabrication conditions, it is not possible in practice to avoid
some subtle differences in procedures (e.g. due to small differences in sur-
face cleaning steps by different operators during assembly) consequently the

surface conditions of the finished transistors can differ slightly.

In order to determine the size of the spread in transistor response
during identical exposure, a statistical study was conducted on passive de-
vices. 30 Fairchild 2N1613, 30 Raytheon 2N1613, 30 Fairchild 2N1132 and 30
Raytheon 2N1132 transistors were tested, actually each group of 30 came from
three different date codes (10 devices each). This selection of transistors
allowed us to observe differences among devices within a date code, between
date codes, and between manufacturers. The actual date codes (year and week)
of the devices used in the statistical study are listed in Table 5, and will
be referred to by the batch designations assigned. A large selection of date
codes was used (1904 to 1967). It is important to note here that although
some interesting differences were observed, devices of the same register
number but different batches (even between different manufacturers) generally

showed similar sensitivity to radiation.

The results of the study are displayed in three different forms:
hFE vs. P, L\hFE/h.FEivs. $ , and Al/hFE vs. €. All gain values shown in
Section 2.3.2 refer to measurements at a collector current of 10 pa in order
to maximize differences in damage. In each figure three curves will be super-
imposed. Each curve represents the mean value of the particular parameter
taken for a given batch (10 devices). The vertical bars across the curves

represent the standard deviations for the 10 devices. The curve for batch #1
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Table 5. Summary of Batch or Date Code Designations

Passive Devices

2N1613 - NPN [ 2N1132 - PNP
Actual Actual

Batch Date Device Batch Date Device
Designation Code Number | Designation Code Number
F1 701 1 thru 10 R1P 6523 111-120

F2 552 31- 40 R2P 6710 141-150

F3 615 61- 70 R3P 6649 161-168

Rl k46 81- 90 F1P 721 189-198

R2 6545 91-100 F2P 736 199~207

R3 6625 101-110 F3P 621 208-218
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will be left in its original position, the other two will be shifted hori-
zontally for clarity in order to avoid overlap of the @ bars. The hFE ve., $
data illustrate the initial gain distributions within the batches as well as

the changes of these distributionz with fluence. The lshFE/hFEi vs. ¢ data,

. since they are '"normalized'", as will be discussed in Section 2.3%.3, are well

suited to show up some inherent differences in surface conditions among the
batches. Without such differences the curves should overlap. The ‘kl/hFE VS.
$ data show the differences among the batches by using still another type of

normalization as will also be discussed in 2.3.3.

Results in terms of the three forms of data display are shown in
Figures 24 through 35, 2N1613 data is shown in the first six figures, 2N1132
data in the remainder. In each case the Fairchild devices are compared with
the Raytheon devices in pairs of figures for each damage form hFE,lShFE/h K
and [L(l/hFE) versus fluence. +

The following conclusions can be drawn from the figures:
i) Devices within a given batch:

Devices, as a general rule, tended to degrade in a very similar
fashion within a given batch. Although the actual values of All/hFE at given
$ were somewhat different for different devices, as the size of the ¢’ bars
testifies (e.g. Figures (28) and (29), the shape of the curves for the
individual devices were very similar so that a given shape could almost serve
as a marker for all the transistors within a batch. This will be emphasized
more strongly in Section 2.3.3. Similar behavior during exposure presumably
results in the devices bearing the same date code because they were fabricated
together as a group, i.e., conditions were fairly similar for all of them. Al-
though this is probably true it is not necessarily the case as discussions
during a visit to the manufacturers revealed. Depending upon the number of
devices produced within a particular week, the devices having the same date
code may or may not come from the same "lot" (a group of wafers exposed to
identical diffusion and oxidation conditions at the same time). If only a
relatively small number of transistors were produced then they are likely to

originate from the same lot. Devices with the same date code although coming

49



N

10

9 -

s -

7&—-

6.—

A F3

41 F2
3 .III'

<l \
e 107
B 9 -
= 8 Standard \
7F Deviation \ 2
6 Bars \l\
S 3
4 .\Q~..
3 pem
2 -
10° o e | JJIII.HII L4 L

11 12 4 15 6

10 2 5 10 2 5 1013 2 5 lOl 2 5 10 2 5 lO1

Fluence (Electrons /cmz)

DC Gain at 0.01 ma vs Fluence, Type 2N1613 Batch F1, F2, F3

Figure 24:  MEAN hFE OF THREE BATCHES OF PASSIVE FAIRCHILD 2N1613 TRANSISTORS

30



=57

TR

10

10

Mean hFE
S
11

0 ] lIlIIlI| 1 lllllIlJ | lJ_IIIII 1 lllllJ_ll ] L Ll

10
1wt 2 5 10t? o 5 10032 5 w2 5 10 2 5 10l®

Fluence (Electrons/ch)
DC Gain at 0.01 ma vs Fluence, Type 2N1613 Batch R1, R2, R3

Figure 25:  MEAN hFE OF THREE BATCHES OF PASSIVE RAYTHEON 2N1613 TRANSISTORS

51



Mean Relative Delta hFE’ AhFE/hFE

[o]

10

1 1T 1T

10t
r—
10—2 L ||||1J 11 llHlI L L1l Ll it L L11]
loll 1012 1013 1014 lO15 1016

Fluence (Electrons/cmz)

Change in DC Gain at 0.01 ma vs Fluence, Type 2N1613 Batch Fl, F2, F3

Figure 26:  MEAN RELATIVE GAIN LOSS OF THREE BATCHES OF PASSIVE
FAIRCHILD 2N1613 TRANSISTORS

52



Mean Relative Delta hFE’ AhFE/hFE

10

[o}

1072

5 10

11 llj_lll

5 1014

el ||||||

i

2

1

2

15 2

b L

11

10 16

5 1013 5 10

Fluence (Electrons/cmz)
Change in DC Gain at 0.01 ma vs Fluence, Type 2N1613 Batch R1l, R2, R3

Figure 27: MEAN RELATIVE GAIN LOSS OF THREE BATCHES OF PASSIVE

RAYTHEON 2N1613 TRANSISTORS

53



FE

Mean Delta Inverse Beta, Al/h

10

!

L

-3

|||lll|| ol

e Ll llll

L llllll]

10

11

2

5 1012 2

5 107

3

2

5 10

14

2

5 10

15

Fluence (Electrons/cmz)

2

5 10

16

Change in DC Gain at 0.0l ma vs Fluence, Type 2N1613 Batch F1, F2, F3

Figure 28:

MEAN A]/hFE OF THREE BATCHES OF PASSIVE
FAIRCHILD 2N1613 TRANSISTORS

54



=1

TR

100

™ T

'—I
]
i
'—l

AN

Mean Delta Inverse Beta, Al/hFE
o~
I
N

/| /]
7] B L/ }/
10‘2_L % /// ’}/
VD
g

L f/%
10—3 A VRN R T | Ll g Ll Lol gl el 1y

10l 2 5 102 2 5 1083 2 510 2 5 1080 2 5 100

Fluence (Electrons/cmz)
Change in DC Gain at 0.01 ma vs Fluence, Type 2N1613 Batch R1, R2, R3

Figure 29:  MEAN A]/hFE OF THREE BATCHES OF PASSIVE.
RAYTHEON 2N1613 TRANSISTORS

55



N

10

M U1 0NN W
T

_7—

Mean hFE

Il[

3} | /—2

0 1 1 lllllll 1 | lllllll 1l lIIIIII [ - lIlIlII L1 i1y

10
10l 2 5 1022 5 10222 s 10t 2 5 10 2 s 10t

6

Fluence (Electrons/cmz)

DC Gain at 0.0l ma vs Fluence, Type 2N1132 Batch R1P, R2P, R3P

Figure 30:  MEAN hee OF THREE BATCHES OF PASSIVE RAYTHEON 2N1132 TRANSISTORS

56




10

S~ O 0w N
T

Mean hFE

10

. oy~ 0O
|

10 [H Illlld _ 1 1 Ll L1 1 aunl gl

1wt 2 5 1022 5 1013 5 1014 2 5 1012 2 5 10

Fluence (Electrons/cmz)

DC Gain at 0.01 ma vs Fluence, Type 2N1132 Batch R1P, R2P, R3P

Figure 31:  MEAN hFE OF THREE BATCHES OF PASSIVE RAYTHEON 2N1132 TRANSISTORS

57



(=]

10 3

£ O 00
I

o]
[*%

=1
o
=]
~
@
P
e
< 2
=
F
~
o
u]
9
T
g 9
o 8
S 7k
A
=]
]
=
L
3
2+
10_2 1 Lillllll el 1 1|1||||l 1 |1l|lul | |
ol 2 51022 51082 5102 5 w02 5 10!

Fluence (Electrons/cmz)

Change in DC Gain at 0.01 ma vs Fluence, Type 2N1132 Batch F1P, F2P, F3P

Figure 32:  MEAN RELATIVE GAIN LOSS OF THREE BATCHES OF PASSIVE FAIRCHILD
2N1132 TRANSISTORS

58



10

>~ U O NN O
T 1 1

(o]
()
1

N
I

5
AR
T

Mean Relative Delta hFE’ AhFE/hFE

9
sl-
7——
6
sk
AR
3.—
2
lO—ZL 1 gl L vl NSRRI R NN Lol
!t 2 s 10 2 s 1083 2 5 103 5 10" 2 5 1016
Fluence (Electrons/cmz)
Change in DC Gain at 0.0l ma vs Fluence, Type 2N1132 Batch R1P, R2P, R3P
Figure 33:  MEAN RELATIVE GAIN LOSS OF THREE BATCHES OF PASSIVE RAYTHEON

2N1132 TRANSISTORS

59



FE

Mean Delta Inverse Beta, Al/h
~
|
T‘
— <N\,
~

-3 i T R 1Y Lol Lol o gl L L1t

10
w0l 2 s 102, 5 1082 5 10 2 5 108 2 5 100

Fluence (Electrons/cmz)
Change in DC Gain at 0.0l ma vs Fluence, Type 2N1132 Batch F1P, F¥2P, F3P

Figure 34:  MEAN A]/hFE OF THREE BATCHES OF PASSIVE FAIRCHILD 2N1132
TRANSISTORS

60

6



Mean Delta Inverse Beta, Al/hFE

10-3,AW NIRRT BN R 111 B G I N Rt Ll L1l

1ol 2 5 1012 5 1083 2 5 10 2 5 10 2 5 10t

Fluence (Electrons/cmz)

Change in DC Gain at 0.01 ma vs Fluence, Type 2N1132 Batch R1P, R2, R3

Figure 35: MEAN A'I/hFE OF THREE BATCHES OF PASSIVE RAYTHEON 2N1132
TRANSISTORS

61



from different lots could, nevertheless, experience similar diffusion, oxida-
tion and surface cleaning procedures within a week or so even though not
exactly at the same time. To the contrary, devices having widely different
date codes (by a year or more), probably experience slightly different
fabrication conditions due to continuous improvement and changes in tech-

niques (surface cleaning!) equipment, and operators during that time.
ii) Devices from different batches of the same manufacturer.

Differences in device response during irradiation for devices from
different batches is expected especially if the date codes are far apart. Ex-
perimentally, this was indeed the case. By checking the date codes in Table 5
and comparing the curves representing separate batches in Figures (24) - (35)

we observed the following:

a) NPN - Fairchild: The mean hFE curves in Figure 2L representing
batches F2 and F3 (only a few months apart) are fairly close while batch F1l
(lower initial gain) is well outside the standard devication of the first two
batches. This result might be expected on the basis of the date codes. When
the nonlinear damage is plotted in a normalized fashion ([ShFE/hFEi), then the
curves of all batches superimpose as shown in Figure p4, However, the super-
position of the curves in terms of the le/hFE data in Figure (28) is not

nearly as good, with ¥, still outside the standard deviation of F2 and F

1 3
b) PNP - Fairchild: The initial portion of the mean hFE curves
(Figure 30) representing F1P and F2P are far apart (different initial gains)
while F3P is close to F2P. The superposition of the curves in terms of nor-
malized form ZShFE/hFE or even éll/hFE (Figures 32 and 34) is good for F1P
and F2P (whose date codes are very close) but F3P which was manufactured a
year earlier has a different sensitivity. Some small but significant dif-

ferences probably exist between the exact surface conditions of transistor

batches (F1P, F2P) and F3P.

c) NPN - Raytheon: 1Initial mean gain values of batches R1l, R2,
and R3, Figure 25, are very close in spite of about a year's separation in
each of the date codes. But their irradiation responses are widely different
both in terms of ZShFE/hFTa (Figure 27), and of ZSl/hFE (Figure 29). Interest-
ingly though, Rl and R2 remain fairly close in the damage curves while batch
R3 is much more sensitive to radiation even though it has the most recent date

code.
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d) PNP - Raytheon: RI1P and R3P curves of mean hFE are close
in Figure 31 though the date codes are quite different. All curves are
fairly close, as expected, when the nonlinear damage is normalized either
in terms of ZShFE/ or N1/ (Figures 33 and 35). However, the latest
date code R2P was :gfé radiatiziEsensitive and often outside the standard
deviation of the other two batches. This indicates that the surface condi-
tions of the devices in batch RZ2P are significantly different in some way
with respect to the other two batches. Discussions with the manufacturer
could not reveal those fabrication differences, but revealed the desirability
of identification of processing for correlation with effects (either by mil.
spec. designation or captive line) on future radiation tests.

iii) Devices of the same register number from different manufacturers
(Fairchild vs. Raytheon):

Differences in device response during exposure among devices coming
from two manufacturers are certainly expected. There often are constructional
differences between the devices and surface treatments can be entirely different
(usually proprietary information) in spite of the fact that the devices are
produced for the same function in an electrical circuit. These factors of
course can have a large influence on the radiation hardness of the devices.

In order to be able to select the most resistant transistors to an ionizing
radiation environment it is important to determine what and how large are the
differences in radiation response between devices from different manufacturers.
The quantity ZShFE/hFEi was used primarily for comparing the devices of dif-
ferent manufacturers in order to normalize against differences in the emitter-

base junction perimeters (see Section 2.3.3).
The following conclusions can be drawn from the figures:
2N1613 - NPN

Radiation resistance: Fairchild Fl’ FZ‘ F3 batches were grouped
between Raytheon batches. (See the Z}hFE/hFE_ curves in Figures (20) and (27).)
i

Rl and R2 were more resistant than Fairchild devices while R3 was more sensitive.

Statistical spread: The different Fairchild batches were much closer
in overall behavior than the Raytheon ones. This was especially true in the

ZthE/hFE curves which is equivalent to saying that there was a good correlation
i
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between gain loss and initial gain for the Fairchild devices whereas absent
for the Raytheon ones. Consequently the prediction of the gain loss, Z}hFE,
or the relative gain loss, Z}hFE/hFEi, was possible for the Fairchild devices
but not for the Raytheon transistors. Also the statistical spread among de-
vices within a given batch is much wider for the Raytheon devices than for

the Fairchild as seen from the size of the g bars.
2N113%2 ~ PNP

Radiation resistance: Fairchild batches were somewhat more

resistant than the Raytheon ones. (See Figures (32) and (33%).)

Statistical spread: Raytheon batches are slightly closer than the
Fairchild ones, although the former batches cover over 1) year period whereas
the latter ones cover about a year. The standard deviation bars are approxi-
mately of the same size for both manufacturers. The correlation of the gain
loss to the initial gain or equivalently the predictability of the relative
gain loss, ZShFE/hFEi was approximately of the same degree for each manu-
facturer. (See Figures (32) and (33) or the Rank Coefficients of Correlation

in Section 2.3%.3.

In summary of this section we can say that in order to select transistors
(given type and manufacturer) with the least expected spread in radiation
response one should specify not only that the devices carry the same date code
but also that they come from the same lot of Si wafers. As a compromise one
may settle for the same date code only, although a somewhat higher statistical

spread is then expected.

Of course, selecting the particular manufacturer is also a very important
problem since the statistical spread even among different batches can be smaller
for one manufacturer than that within one batch from another manufacturer. This
is a statistical consideration only. It says nothing about the average radiation
lhardness (i.e., the radiation sensitivity) of the devices coming from different

manufacturers which can be significantly different.

We wish to re-emphasize that this statistical study was carried out on
passive transistors only. In actual space applications the devices are often active
during exposure and as shown in Section 2.4 dmage is often far more severe, thus
a similar statistical study carried out on biased devices would be highly desirable.
On the basis of such a study, a much better prediction of the expected nonlinear

gain degradation would be possible.
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2.3.3 Correlations and Empirical Formulation
2.3.3.1 Properties of Formulations Relating tﬁll/hFE and Dose

Displacement damage on transistor gain is often called linear damage
because the buildup of éSl/hFE is proportional to the fluence, $. Surface
damage on transistor gain on the other hand is often called nonlinear damage
because of the relation between &l/h.FE and @ is not linear as observed in
Figure 16, Of course, for the purpose of predicting gain degradation with
dose, it is of fundamental importance to know what the actual relation is.

Is it a power law such as

m

A(l/hFE) =KD (8)

(at least before saturation), where m is a constant and D is the dose; or

perhaps an exponential relation
AL/ =K (1 - ™) (9)

where a is a constant? It has also been suggested that for 125 keV electron

irradiation
Oi/h, = K 1n(8/2 ) (10)

where both K and'éo are constants.

For two practical reasons there has been no theoretical prediction of
the ﬁxl/hFE vs. D or ¢ relation. First, the electric field intensity and its

distribution within the SiO2 needs to be known for the exact description of

the charge accumulation with dose. However, the fringing fields in the vicinity

of the junctions due to biases are not very amenable to theoretical analysis.
Second, it is not possible to relate ZSl/hFE directly to exposure phenomenon
in a general manner, since gain changes can be affected by both the buildup
of positive space charge in SiO2 and the creation of new interface states.

The relative importance of these two effects is still unsettled and probably

depends on the particular experimental conditions. In any case, the theoretical
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prediction of the buildup of interface states with dose is still missing, as
discussed in Appendix I. Consequently, the buildup of the related quantity

ﬁsl/hFE with dose cannot be theoretically predicted at present.

As far as the empirical form of the buildup is concerned, Al/hFE
vs. & curves from this program showed a variety of very different shapes
depending on transistor types, manufacturers, date codes and biasing condi-

tions., These results have been summarized from Phase I and II work.

The separation of nonlinear damage from phase I displacement curves
for 10 different types of transistors exposed to 0.5, 1.3, and 2.0 MeV
electron irradiations were completed in phase II. Figures 36 through 38
show the typical results of this separation of damage. In Figure 39 transistor
type 2N1132 is contrasted with type 2N2219 in typifying two transistor types
which have different sensitivities to nonlinear damage. The horizontal axis
of Figure 39 is shown in units of absorbed dose, rads(Si), which would allow
us to superimpose the data corresponding to different electron energies if the
nonlinear damage is primarily due to ionization effects. Two sets of data at
one energy signify the difference in response between different species of
identical transistors exposed to the same irradiation. The spread between
these points is about the same as that between points corresponding to dif-
ferent energies; i.e., within the limits of error, all the data for the three
energies superimpose. The shapes of these curves are not well enough defined
to render them useful for more detailed analysis since the earlier experiments
furnishing these data (NAS 5-9578) were designed to study linear rather than

nonlinear damage.

Examples of le/hFE degradation resulting from the 1 MeV electron test
are summarized in Figures 40 through 44 in three different graphical forms.
Most of our devices are represented in these figures. Since the Fairchild

Series 500 Transistor Tester programs I instead of IE and gain is measured

c

as IC/IB data curves shown are for a family of IC values. Corrections for the

leakage current, I (see Equation Al >f Appendix I) made very little dif-

CBO’
ference in our data.

The fluence values, shown in these figures, can easily be converted into

dose if desired, by dividing with a conversion factor of 4.24 x 107. That is

to say
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Fluence (1 MeV equﬁ;ons/cmz) (11)

Dose (rads(Si)) =
4,24 x lO7 rads(Si) x cm%]-l

Note that the quoted fluence values on all figures are determined at the
Si chip and not that incident on the transistor can. Transmission losses
suffered by the electron beam when traversing the can were taken into ac-
count. In this way one is able to better compare the irradiation response
of devices coming from different manufacturers and having different can

thicknesses.

On a plot of the type [}(l/hFE) vs. ® for a family of I, the '"non-
linearity" of the gain degradation induced by surface effects is very
apparent, The dependence of gain degradation on the measuring current (as
discussed in section 2.3.1) is indicated graphically by a family of curves
for nine different IC values. These curves are glmosgt parallel to each other
and except for the very high current values, nearly equally spaced. This
means, that at least for this type of a plot, measurements made at a small
number of currents would be sufficient to characterize the IC dependence

and enable one to predict the curve at intermediate Ic values.

Figures 40 through 44 comprise a set showing the variety of different
shapes of the ZSl/hFE vs. € curves, obtained under pasuive exposure. This
representation by typical curves is possible since devices within a given
date code generally had very similar curves hence one figure shown can
represent the rest, and sometimes one device can represent all the devices
from several date codes. Table 6 summarizes what figure is representative of
devices in a given batch or batches. Of particular importance is the fact
that the general shapes of the curves vary significantly (parallel, concave,
convex) and consequently the slopes of le/hFE vs. & curves are not a constant.
Thus, none of the three formulations for Z)l/hFE given in Equations 8 through

10 can adequately serve as an empirical equation for nonlinear damage.

As shown in the figures, the IC dependence of the gain degradation,
however, does seem to be similar for all the devices represented, in spite of
the differences in the graphical shapes of the Al/hFE vs. @ plots (see
section 2.3.1). This is not the case though for active NPN devices where de-

pendence on IC appears to also be a function of &. A tremendous difference in
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the Z)l/hFE ve. & curves observed for passive and active NPN devices signify

the drastic effect of the active bias during exposure in enhancing nonlinear

gain degradation and will be discussed in section 2.4.

Table 6. Description of Passive Device Groups Represented in Figures 40-4k

Fii r; Devi Number of Corresponding
52 Nace P Manufact Date Codes No. of Devices
| ’ ) ype  MAnulAGEUreT Represented (10 dev./code)
Lo 2 2N1613 Fairchild 1 10
NPN
(Similar to Fig. 2N1613 Fairchild 2 20
4O but less dam- NPN
age)
41 82 2N1613 Raytheon 1 10
NPN
(Similar to Fig.  2N1613 Raytheon 2 20
42 but greater NPN
spread IC)
42 146 2N1132 Raytheon 3 30
BNP
43z 198 2N1132 Fairchild
PNP
(similar to Fig. 2N1132  Fairchild 2 20
42 less damage PNP
and more concave)
Ly 215 2N1132 Fairchild 1 10
PNP

(i




A simple power law of the form of Equation 8 where x < 1, was shown
in Figure 43. About 30 Fairchild transistors out of over 200 transistors
tested did satisfy this relation. Our main conclusion is that it is dif-
ficult to make a specific statement about the shapes of the [Bl/hFE vs. &
curves, except perhaps emphasizing their wide variety. We would like to
stress this last point very strongly since it has been claimed (Ref. 5)
that the buildup of nonlinear damage with fluence in dose can be approxi-

mated by

[Sﬁl— = constant @ 0<x<1 (12)

FE

Indeed some of our passive devices did obey this simple relation. But not
all of them. In fact, most of them did not. Of course, within a small

dose range many of the Z}L/hFE vs. @ curves can be approximated by a simple
power law. However, this approximation fails when the whole dose range,
below damage saturation, is considered. The second point is that in the
proposed power law representation of the nonlinear damage with dose, the
exponent, x, is claimed to be always less or at most equal to 1. 1In our
experiments, most of the active NPN transistors exhibited faster than linear
rise (x > 1) in part of the éll/hFE vs., ® plots (see section 2.4). This
means, of course, that in trying to predict nonlinear damage for such de-
vices, in a given mission, with a less than linear power law, will badly
underestimate the expected gain degradation. Due to the great importance

of such prediction problems, further study would be clearly justified to
clear up the discrepancies just discussed. (Interestingly enough, there
appeared to be a slight voltage dependence of the exponent, x, being less
than 1 or equal to 1 at the lower collector-~base voltages. It is intriguing
to speculate that the value of x, for whatever the power law approximation is
worth, is dependent not only on device structure and processing variables,
but also on the applied active biasing conditions. Note that in Reference 5
x is not assumed to be dependent on biasing, the authors simply increase the
surface damage constant, ks' to account for higher gain degradation of

transistors with a reverse biased C-B junction.)
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2.3.3.2 Correlation Studies and the A Formulation
hFE/hFEi

In trying to predict the response of bipolar transistors to ionizing
irradiation it would be of considerable help if correlations between initial
parameters and gain degradation could be found. Thus, correlation studies
were conducted as summarized in Table 7. Parameters in question are listed
as well as the degree of correlation expressed in terms of the Rank coeffi-

cients.

As shown in Table 7 and in Figures 45 and 46, good correlation was
found only in one case, namely between the gain loss é}hFE and the initial
gain hFEi' Similar correlations were studied in an earlier contract with
the Naval Radiological Defense Laboratory (Ref. 6). The word "correlation!

is used in this report, in the context now described.

If :in is defined as the sum of the extra base current components

introduced by ionizing irradiation so that

Iy=T_+ 21p_ (13)
then
Oh 31
%
= (14)
hFEi Iﬁ°+ XIBX
and
AhFB FK hip where K = ——-————1I (15)
i B°
1+
2:IB
X

This equation applies to each device separately and K values could be
different for devices as their initial gains are different (excepting of course
the very high dose case where K=l for all of them since 3Ip >> Ip ). In-
terestingly enough, in certain cases K turns out to be approximately constant
among devices, even at low exposures (Figures 45 and 46). In other words, the

relative gain loss is approximately constant among devices regardless of the
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Table 7. RANK CORRELATION COEFFICIENTS

08

Initial Parameter 1 (10 v, 0.01 ma) (6 volta)
RrE, 1gp (y volts
Pingl Parameter
', Ot Oy, OV | Pm, Ot Oyt Sy
NER
a) KPH Fairchild, unbiased .82 95 46 -.63 03 .22 27 .09
b) NKPN Fairchild, biased .21 .89 .22 -.11 .12 23 .00 =07
¢) KPR Raytheon, unbiased ok 47 .07 -.20 03 .20 .16 .06
NP
d) PNP Feirchild, unbiased .77 .83 07 -e36 -J42 -5 -.06 -.16
e) PNP Baytheon, biased 52 81 01 -33 o34 02 -.26 -30

£) PNP Raytheon, unbiased ik 92 b2 -05 37 52 «29 -08
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initial gains. Thia laat sentence seems to imply that a "normalization" of
the gain degradation of the different devices takes place when the results
are compared in terms of &IFE/hFEi' Whether this is indeed the case, is
still subject to discussion.
Certainly ZX]JhFE appears to be a good functional form for gain loss for

some comparison purposes since it is equivalent to Z IB /IC, and ZIB is a

X x
direct measure of radiation sensitivity of the device. However, when the devices

to be compared have different geometries, e. g., coming from separate manufacturers,
it would appear that the quantity E:I /IC ought to be modified in order to normal-
ize the devices to the same geometrical dimensions. It appears that an expression
like 2 Ig /Iy would be appropriate since then the different geometrical factors
should drog oug. (E.g., the lengths of the emitter-base junction perimeters.

The previous statement is strictly correct if both Iy, and 2 IBx are dominated

by the same base current component. This is, however, usually the case in practice,
because of the dominant role of the surface component in nonlinear damage.)
Actually any expression involving EEIBX/IBO would be equally good, e.g., the rel-

ative gain remaining

A
"r 1 (16)

Note however, that it is just as wrong not to normalize against certain
pertinent factors as to normalize against others which have nothing to do with
the resultant gain degradation. Therefore we propose that if there is no cor-
relation between Ig, and EIBx (i.e., between hFEi and [}l/hFE), then the com-
parison of presumably identical devices should be done in terms of é}l/hFE,
whereas the comparison of others with known geometrical differences should be
done in terms of éBhFE/hFE . On the other hand, if correlation between I,
and ZIB do exist then the comparison of devices in terms of AhFF/hFE should
always be superior to that in terms of é)l/hFE. An example of such correlatlons
is shown in Figure 47 for a moderate exposure of 5 x 10 R. Furthermore in many
of our experiments the quantity ZBhFE/hFEi seemed to give a better normalization
of the gain degradation. Data on statistical spread from section 2.3.2 illustrated
advantages of using the form ‘:mFE/hFEO in order to reduce the standard deviation
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between transistor groups of the same or different date codes. Needless to
say the problem merits further consideration. In particular, a thorough

experimental study of correlation problems is sorely needed.
2.3.3.3 Empirical Formulation Equations

An empirical formulation of relative gain loss was developed to fit
experimental resilts of the dependence on total absorbed dose. Relative gain
loss was chosen on the basis of: 1) observed correlations between IB° and
EIBX; 2) normalization of statistical spread in the sensitivity of transistors
from the same or different batches; and 3) the desirability for using a form
convenient for design engineers. Plots of the dependence of C}hFE/hFE_on
fluence were shown in Figures 26, 27, 32, and 33. Relative gain loss %y its
nature as a fractional change must vary from O for no damage to 1 as a maximum
of damage. Thus CShFE/hFEi plotted against dose on a log plot must have the
general form of a hyperbolic tangent which approaches O and 1 asymptotically
at O and ©o exposure respectively. Curve fitting to a hyperbolic tangent re-
vealed that Equation 17 represented a reasonably consistent fit of the data

available.

Ahn/hmi = tanh a D (17)

Figure W8 shows how this functional relation fits the mean values of
data on 30 passive 2N1132 Raytheon transistors measured at 10 ua collector
current. In general all of the other transistor groups tested fitted Equa-

tion 17 with a power law dependence on dose given by m ¥ O.4

AhFE/hFEi’i’ tanh [K 1)]O'L+ (18)

Not all passive transistor types saturated at maximum relative gain losses
when ZBhFE/hFEi = 1. Thus a saturation factor, fs' was used to multiple
Equation 18,

Ohpy/npg, ¥ £, tanh E{ p]°** = f_ tanh K' po-* (19)

85



98

TOTAL ABSORBED DOSE, [RADS (SILICONY)]

1 T |7'
10° 10 10 10

1.0
/ﬁ Q
(o}
w
-
O 0. 8—
S
=
1
[2a}
>U
. 0.6 = tanh a p"
< i
o
~ o}
I
__U
= 0,4
< -~ m=0.4
ui a=5.4X%10"3
< (o) D = TOTAL ABSORBED DOSE [RAD (SI)]
T
£ O EXPERIMENTAL MEAN OF 30 RAYTHEON PASSIVE TRANSISTORS
0. 20—
o}
«—STANDARD DEVIATION
0 | | | ]
10! 10'2 103 1014 10'°

1 MEV ELECTRON FLUENCE, ELECTRONS/CM2

Figure 48. Empirical Formulation for Nonlinear Damage (2N1132)




S

Table 8. Damage Constants for a Hyperbolic
Tangent Empirical Fit for Mean Relative Gain Loss (at IC = 10 pamp)

Type Manufacturer £, K (rad Si)_l K' (rad Si)-o'#
2N1613 Fairchild 0.88 1.8 x 10°° 5 x 107

-6 -3
2N1613 Raytheon 0.9 1.0 x 10 4 x 10

s s -6 -3

2N1132 Fairchild 0.9 1.0 x 10 4 x 10

-6 -3
2N1132 Raytheon 1.0 2.1 x 10 5.4 x 10

An example of a fit for a transistor condition where damage saturates at

fs = 0.75 is shown in Figure 49, That data was plotted for a collector cur-
rent of 0.1 ma. The dependence of damage on collector current was discussed
in section 2.3.1. Since only two transistor types were studied for empirical
fitting no profound generalization of the applicability of Equation 19 to
other device types is claimed at this time. However, at least variations of
this form of equation look promising for expressing the nonlinear damage

buildup with dose.
2.3.4 Tonization Equivalence for Passive Transistors

The apparent radiation equivalence for nonlinear damage based on total
absorbed dose from the ionization phenomenon was described in early papers
(Ref. 7 and 8) and the final report of phase I work under contract NAS5-9578
(Ref. 2). That data included results from X-ray, gamma ray, electron, and
preliminary proton tests. Those findings indicated an independence of non-
linear damage on particle type or energy and only a dependence on the total
dose absorbed at the transistor surface. The phase II test results verify
in part those earlier findings . Figure 50 shows a comparison between
damage to passive 2N1613 transistors caused by Cobalt-60 gamma ray exposure

(Ref. 9) and phase II 1 MeV electron exposure.- Collector current levels
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shown are at 10 pa, 0.1, 1.0, and 10 ma. Figure 51 illustrates comparable
damage to passive pnp 2N1132 transistors for the present 1 MeV electron and
15 MeV proton tests.

An anomalous exception to the total dose equivalence concept for pas-
sive transistors was observed for 15 Me¥ proton damage to npn 2N1613
transistors. In that case, described in detail in section 2.5, more severe
damage was observed at lower total dose for protons than for any other type
of radiation and saturation of the damage was not evident except at very
high exposures. The ionization equivalence concept does not appear to hold

for active transistors either as described in more detail in section 2.4,
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2.3.5 Exploration of the Source of Nonlinear Damage

At this point reference to Appendix I would be appropriate in order
to review the theoretical background (References 10 - 18) for our further
studies on the source of nonlinear damage. Most of the data discussed in
this section was generated from the special measurements discussed in Sec-
tion 2.1.3.2 and listed in Table 3. Damage t¢ transistors exposed both
passively and under active bias during exposure will be considered in this
section. For an overall treatment of active bias damage see Section 2.k.
Typical examples on the interpretation of these measurements are given be-
low for selected devices where each device is a representative of a small
group. The devices discussed are good representatives of the four main
groups of transistors used in our experiment namely, the passive and active
NPN's and PNP's. At least, the measurements which were common to all tran-

FE' 1m0’ Icmo
the conclusions drawn should essentially apply to the particular group con-

sistors (h ) seem to bear this assumption out. Consequently

taining the device in question.

The measurements will be interpreted on the basis of the theoretical
discussion given in Appendix I since the data are analyzed in terms of the
effect of the charge accumulation and of the creation of the new interface
states on the Si surface where possible. Since the effect of the charge
accumulation is different in the presence or absence of inversion, we will
always start the discussion of the figures with the CBE vs. fluence measure-
ments. These curves can tell us immediately whether or not inversion has
taken place. Conclusions drawn then can be substantiated by other measure-~

ments.

In discussing parameters such as IB’ I hFE’ which are affected by

’
both charge accumulation and the creation of gew interface states, we have to
be content with considering only the combined effects of these two phenomenon
since on the basis of our measurements their effects cannot be separated. One
can nevertheless draw some indirect conclusions about their relative importance
under certain conditions. Gain degradation in this section will be expressed in
terms of A l/hFE vSs. § curves. The pros and cons of different methods of pre-

senting gain degradation data was discussed in Section 2.3.3.
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NPN-unbiased during irradiation: As discussed (Appen. I) it is the p type

base which is affected primarily by the positive charge accumulation and the
new interface states, thus leads to transistor degradation in an NPN
structure.

The CBE and CBC vs. ® curves are shown in Figure 52 for Fairchild

2N1613, device #l. For passive 2N1613 transistors there was no indication of

any inversion of the base surface due to the accumulated charge since CBE and

CBc remained approximately constant. The absence of inversion is also sup-

ported by the IB VS. VBE curves of the type shown in Figure 53 where the

slopes yield n values < 1.9 (n comes from Equation A7 of Appendix I).
I_ vs. ® (Figure 54), or what is essentially the same, Al/hFE vs. P

B
(Figure 55) and the I vs. ® , I vs. @ curves (Figure 56) can be quali-

EBO CBO
tatively understood by assuming an increased surface recombination velocity

due to irradiation on the base surface, in the vicinity of the junctions.
This assumption as. the reason for increased IB, is in accordance with the n
values determined from Figure 53, where 1.k < n<1.9. There seems to be’
some discrepancy, however, if we also assume that IEBO was likewise dominated
by the surface generation current. Namely, such a current component is
presumed to be approximately independent of voltage (Ref. 15). 1In the

I vs. reverse voltage, V_ curves of Figure 57 this is true only above

EBO R
0.2 volts. Essentially similar arguments apply for the IC vs. V_ curves

BO R
of Figure 58.
NPN - biased during irradiation: (Bias: VCB = 10 Vv, IE = 10 ma).
Just as in the passive NPN case, it is the surface condition of the

base, affected by the positive charge accumulation and the new interface
states which determines the transistor degradation. However, due to the
active bias on the transistor during exposure, the amount of charge accumu-
lation can be significantly increased due to the fringing electric fields
influencing charge migrations. It is not yet clear how the creation of the
new interface states is affected by biases across the junctions. Although

it is claimed to be independent of the electric field (Ref. 14), it could con-
ceivably be injection dependent. All in all, the combined effect of the

charge accumulation and of the new interface states on active NPN transistors
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is drastic indeed. E.g., the Al/hFE vs. P figures will exhibit a sig-

nificantly faster gain degradation with exposure than those for the respective

passive devices. Also the formation of an inversion layer over the base will

be noted.

CBE vs. ¢ curve in Figure (59) shown for Fairchild 2N1613, device #13,

indicates inversion layer formation and also the receding of the layer with
fluence. Inversion layer formation results in a substantial increase of the
junction capacitance since the capacitance due to the field induced junction
will add to that of the metallurgical junction. The reason for the receding
of the inversion layer is discussed shortly; it is indicated by the broken
lines in Figures 59 and 61.. This conclusion is in accordance with the n

values determined from the IB vs. V curves of Figure 60 where n > 2 in

BE
the similar fluence region.

The effect of inversion in IEBO is strikingly illustrated by the

similarity of the IE vs. & curve of Figure (61) to the C_. vs. § plot.

BE
ERo 2PPears to be

channeling, it will be treated shortly. The initial, substantial rise in

BO
The physical mechanism by which the inversion affected I

IEBO prior to inversion is due to the increased surface recombination

velocity caused by the irradiation. Incidentally, the values of I

became quite high above @ &5 x 1014

2 EBO
electrons/cm”~ and one might wonder if

tunneling took place across the field induced junctipon. This speculation
is ruled out, however, because the presence of a breakdown voltage associated
with tunneling (value expected is approximately 0.5-volt for our base doping)
of the field induced junction was not observed as shown in the IEBO Vs, VR
curves, Figure (62). In fact, the shape of these curves did not change at

all by the onset of inversion.

Now the question arises whether the positive charges inducing the

observed inversion layer origimated within or on the SiO It appears that

most of them were collected on the outer surface of the ixide layer (through
"the ionization of the gas inside the transistor can and the electric field
between the base and the can which was connected to the collector). Namely
we observed quite significant "Telstar type' effects, i.e., slow drifts,

resulting in recovery of the transistor parameters with time after the
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irradiation was stopped and the bias was disconnected. These effects are
indicated in Figures (§59) and (61) by the broken lines as mentioned earlier.
The recoveries of CBE and IEBO with time after exposure were often substantial.
(Such effects were observed essentially on all biased NPN devices.) In the
past, such effects were found to be related to the redistribution of charges

on the outer surface of the SiOa.

Note by comparing Figure (59) and Figures (63) or (64) that quite
significantly most of the gain degradation took place before the onset of
inversion since [31/hFE or IB went into saturation above w2 x 1013 electrons/
cma. Although the amount of positive space charge on the SiO2 kept changing
as indicated by the onset and the recession of the inversion layer, the cor-
respondingly changing surface potential did not appreciably affect the rate
of surface recombination thus IB. All these can be qualitatively understood
since the surface effects play a dominant role on IB and IR only before
inversion occurs, after inversion their role becomes less and less significant
because then the effects by the bulk transition region of the field induced
junction take over. However, this latter event is usually not too serious in

affecting IB and IR unless tunneling occurs.

Now since tunneling was absent nevertheless I was drastically af-

EBO
fected during inversion, ''channeling'' or the formation of an ohmic path

between base and emitter must have taken place. This would explain the large

changes in I as well as the relative constancy of IB’ thus hFE’ during

EBO
inversion, because channeling does not have much effect on a forward biased

junction.

The CBC vs. P data in Figure (89 ) show an absence of inversion, also

confirmed by I vs. @ on Figure (1), for device constructional reasons,

CBO
According to the manufacturer the base metal contact overlaps the collector-

base junction hence prevents charge accumulation on the surface of the oxide.

Although the assumption of an increased surface recombination velocity

explains the increase in I with fluence (Figure 6l ) it is partially at

CBO

po VS+ Vg curves on Figure (65). Namely, Topo 18

approximately voltage independent only above «:0.2 volt and not over the

variance with the IC

whole measurement range as it is theoretically claimed.
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PNP -- unbiased during irradiation: As stated (Appendix I), it is a small part of

the emitter region (close to the base-emitter junction) which is primarily
affected by the positive charge accumulation and the new interface states,
and subsequently leads to gain degradation in a PNP structure. For ICBO
degradation the collector surface in the vicinity of the base-collector

junction is the important region.

CBE vs. & is shown in Figure ©5) for Raytheon 2N1132, device #111.
There is no sign of inversion of part of the emitter region. This is in
accordance with the n values of 1.24 -~ 1.55 obtained from the IB vS. VBE
curves (Figure 67). Similarly, inversion is apparently absent over the

collector region, (see C vs, $ on Figure 66), which is somewhat sur-

BC
prising in view of the low surface doping normally found in collectors.
Increases in IB’ ZSl/hFE, IEBO’ ICBO as a function of & shown on Figures
68), (69), and (70) respectively, can be qualitatively understood in
terms of increased surface recombination over the respective junctions.
This assumption is in accordance with the 1.24 € n € 1.55 values obtained
from Figure (67). However, the IEBO vs. VR (Figure 71) and ICBO vs. VR
(Figure 72) curves show very little if any saturation tendency with voltage
which is at variance with the theoretical predictions of the voltage

independence of the surface generation component of current.

PNP ~ biased during irradiation (Bias: VCB = 10 V, IE = 0.1 ma):

We saw previously the tremendous difference in irradiation behavior

between the passive and active NPN devices. No such significant differences
were observed between the passive and active PNP transistors. It is true
that, due to the reverse biased collector base junction, an increased charge

accumulation thus more severe I degradation was expected and indeed ob-

served in active PNP devices (sgzoFigures ?0 and 77:). Differences, however,
practially disappeared when the gain degradation curves were compared. Al-
though the detailed arguments to account for this observation are not clear,
at present, certain tentative ideas can be presented. For one thing, the
charge accumulation on the SiO2 surface must surely be different from the

NPN case, since the direction of the fringing electric field between the

can and the base or the emitter surface (due to the reverse biased collector-

base junction) is such now that the positive gas ions, generatéd inside the
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can, are moved toward the transistor can. But then the positive charge
accumulation on the SiO2 could be small which is essentially the case also
for the passive PNP devices. Secondly, in an NPN device the depletion of
the silicon surface and the creation of new interface states occur
coincidentally at the base surface. Hence their effect can reinforce
each other significantly. This may not be the case for the emitter region
of a PNP device. If, e.g., the creation of the new interface states over
the base of an active NPN structure were enhanced by electron injection
then such an enhancement would not occur in the emitter region of an active
PNP transistor, due to the absence of such an injection. Then the differences
in irradiation response between passive and active PNP transistors could be
restricted essentially to slight differences in charge accumulation within
the SiOa, the net effect of which might be small. Clearly, further specula-
tion is not justified without the benefit of additional experimental data.
The remarks on the figures are very similar to the PNP - unbiased
case. Both Cp. vs. $ and Cpe VSe ¢ (Figure 73), shown for Raytheon 2N1132,
device #121, indicate the absence of inversion in the emitter and collector
regions respectively. The n values of 1.25 - 1.64 obtained from the I_ vs.

B

VBE curves (Figure 74) support the conclusion. The assumption of increased

surface recombination over the junctions as the main reason for the increase
in I, (Figure 75), 4 l/hFE (Figure 76), Ioso (Figure 77), I.p, (Figure 77)
are also in accordance with the quoted n values. However, the presumed volt-

age independence of the surface dominated ICBO is demonstrated on the ICBO VSe.

IR curves in Figure (78) only above O.1 volt (at large fluences). Worst yet,

the IEBO VS. VR curves in Figure (79) are at variance with the theoretical

predictions over the whole voltage range.
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2.4 Task B = Influence of Active Operation During Exposure

Active operation during exposure significantly enhanced the sen-
sitivity of NPN transistors to nonlinear damage. Latin Cube computer
analysis (Reference 19) of a multifactor experimental design not only pro-
vided data on this dependence of damage on electrical biasing (during the
1 Mev electron exposure) but also data on the possibilities of any inter-
dependence of test variables such s current, voltage, and dose. Because
of the increase of damage for active NPN devices and because of post ir-
radiation recovery, pulse tester techniques were developed for the 2.9
Mev linac test and the 15 Mev proton test. With the pulse tester, meas-
urements were made in situ without disconnecting any bias voltages. 1In
the 15 Mev proton test important anomolies in the ratio of active to pas-

sive NPN transistor damage was observed.
2.4.1 Enhanced Damage in NPN Transistors

NPN transistors showed much more damage when they were operated
actively during exposure rather than passively. Electron results on
biasing dependence observed in this phase II contract are in general agree-
ment with Boeing Cobalt -~60 gamma results obtained earlier. (References 9
and 20). Bias conditions for comparative studies are shown in Table 9 for
those devices that received special measurements such as those listed in
Table 5. Details of the results of those special measurements on active
and passive transistors were described in Section 2.3.5. Additional biasing
conditions were used in the multifactor experimental design described in

Section 2.4.2,

Typical computer plots of NPN and PNP damage with active biasing
during exposure are shown in Figures 80 and 81 respectively. Fairchild
2N1613 Transistors with operating conditions of IE = 0.1 ma, and VCB = 10
volt, showed enhanced damage at all nine current levels (Figure 80) when
compared with similar devices that were exposed passively (Figure 40).
(Using the low current gain module on the Fairchild Series 500 transistor
testor, gain values below 1.9 were observed and shown on Figure 80). Figure

‘81, showing results of a Raytheon 2N1132 transistor operated at IE = 5 ma and
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Table 9

Numbers of Transistors
Receiving Special Measurements

for Bias Comparison

2N1613 2N1132

Bias Condition — - —_

During Exposure Fairchild Raytheon Fairchild Raytheon
I. = 0.1 ma

E 5 _ _ 5
VCE = 10v

I =10m

c

2 - - 5

VCE = 10v
No Bias

(Passive) 5 ) 5 5
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VCB = 2 volts (one of the latin cube devices of Section 2.4.2), illustrates
the reduced damage of active PNP transistors when compared with similar
passive PNP transistors (Figure 42). Figures 80 and 81 are, in general,
typical of all of the groups of active devices tested.

No statistical study was carried out to ascertain differences be-
tween different date codes and manufactures when exposed under identical
bias conditions. At least not in the comprehensive manner discussed for
the passive devices in Section 2.3.2. For each active bias condition
(Table 9 and the latin cube conditions of Section 2.4.2) only 5 devices
were tested. These were taken from the three different date codesg(2 + 2 + 1 = 5)
to make the results more general in nature. A far greater statistical spread
was gvident for active device damage than for passive. Those survey results

indicate the desirability for a statistical study of active devices.

The average values of gain degradation for five 2N1613 Fairchild

transistors with V__ = 10v, I_ = O.1 ma during exposure is shown in Figure

82 and can be compgged with tge corresponding average values for passive

2N1613 transistors shown much earlier in Figure 18. Differences between

active and passive devices are clearly illustrated in Figures 83 for meas-
urement collector currents of 0.1 ma and 1 ma. About an order of magnitude
greater damage for active devices is seen at lO6 rad Si measured at Ic = 0.1 ma.
Differences between active and passive transistors (nonlinear) A;l/hFE

passive subtracted from A l/hFE active are plotted in Figure 84 showing the
very definite peaking at lO6 rad Si alrcady evident in Figures 8C und 82.

Differences at high exposure levels where displacement damage is present is

not shown in this Figure.

Electron nonlinear damage to active transistors can be compared with
Cobalt -60 gamma ray damage shown in Figure 85. It can be seen that 1 Mev
electrons (Figure 82) appear to cause greater damage to active devices than
a corresponding absorbed dose of Cobalt -60 gamma rays. Although the curves
are close at low and high exposures, there is about a factor of 2 more damage
from electrons at the damage peak. Exposure rates for electrons and gamma

rays were comparable for low exposures but ultimately at high exposures elec-
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tron rates were much higher than gamma rates (see Sections 2.2.1 and
2.2.2). Equivalent amounts of absorbed dose from gamma rays and electron
caused equivalent damage in transistors exposed passively (Figure 50). The
lack of rate effects for passive transistors was established by inhouse
Boeing tests, however rate effects on active devices should be studied in

some detail.

The steeper dependence of Al/hFE on fluence or dose for active
devices as opposed to passive generally would require a value of X>1 for
the power law assumption of equation 12 (Section 2.3.3). Because of the
limited number of devices tested and the obvious importance of statistical
spread no attempt will be made at this time to fit active devices to an
empirical formula such as that developed earlier in equation 19. Indica-
tions are that again a formulation using relative gain loss would be best

(see Section 2.3.3) since correlations between A h__ and hFE do appear to

FE .
be present for active devices as well as passive. Figure * 86 shows a
fairly good correlation (rank coefficient of 0.89) for active 2N1613 tran~

sistors.
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2.4.2 Multifactor Experimental Design

In order to investigate whether interactions between operating current,
bias voltage, and fluence affect the radiation-induced damage observed in
transistors, an experiment was designed to measure the effects of these
factors both singly and in combination. A second-order model with central
composite design based upon the work of Box and Hunter (Ref. 19) was chosen.
This approach assumes that the significance of the interdependence of factors
can be examined in a precursory wmanner by expressing damage as a second-order

polynomial in current, I , voltage, V, and fluence, ®.

Ahn

h

FE;

= 2 2 2 -
= Co+ClI+02V+C3§+CL'_I +c5v +c6¢ +c7IV+c81!+c9v& (20)

The set of coefficients [C] is chosen to give a minimum least-squares error
fit to the observed data.

By suitable selection of the measurement points (I, V, @), the least-
squares equations can be greatly simplified (Ref. 21). Since there are three
variables of interest in this case, a suitable design model will take the form

of’ a cube.

W
- l/z' ..
1% ;7’

Central composite design in three dimensions
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A minimum of twenty measurements must be made for each experiment: eight
measurement points lie at the corners of the cube; six points lie along the
axes; Six measurements are made at the center of the cube. If the variables
are normalized so that the center of the cube lies at (o, o, o) and one
corner lies at (1, 1, 1) in the normalized coordinate system, then the
measurement points on the axes lie at the points (+ 1.68, o, o), (o, + 1.68, o),
and (o, 0o, + 1.68). The values used for current, voltage, and fluence are
listed in Table 10. These electrical conditions were dictated by symmetry
requirements on the Latin Cube computer analysis described in the proposal
document D2-125398-1 (Ref. 1). Test circuitry to provide these operating
conditions were designed and fabricated as shown in Figure 87. Five devices
of a given type were specified at each bias condition. Two each were taken
from batch number 1, 2 each from batch number 2, and 1 each from batch

number 3.

An analysis of variance table was constructed to measure the fit of
the polynomial and the adequacy of the model. Since the component of the
residual due to lack of fit was comparable in magnitude to the component
due to experimental error, we can conclude that the variability of data
about the polynomial is similar to that which is expected due to experimental

errors alone.
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Table 10, Design Matrix
Normalized Coordinates* True Values
I v ZNeN o8P
c CB 5 >

i v J) (ma) (volts) (e/cm™) (e/cm™)
I R | 2.2 5.0 9.97xloii 2.46xloi§
1 1 -1 7.8 15.0 9.97x107 2.46x1013
1 -1 1 7.8 5.0 2.18x1012 2.00x1013
-1 1 1 2.2 15.0 2.18x1012 2.00x107 5
0 0 0 5.0 10.0 1.51x1075 9.21x1012
0 o] o] 5.0 10.0 1.51x1012 9.21x1013
1 1 1 7.8 15.0 2.18x1012 2.00x107
-1 -1 1 2.2 5.0 2.18x10ll 2.00xlOlg
-1 1 -1 2.2 15.0 9.97x1077 2 l+6x1012
1 -1 -1 7.8 5.0 9 97xlo12 2.46x1012
0 o] o] 5.0 10.0 1.51x10 9.21x10

0 0 0 5.0
-d 0 0 o3

=] o] 0 9.7

o} -d 0 5.0 1.6

0 o o] 18.4

0] 0 - 10.0 3.24x1012 3.64x10i;
0 0 A 3.37x1075  3.32x1015
0 0 0 1.51x1075 9 21x1075
o] 0 o] 1.51x10 9.21x10

o= 1.68
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In Latin Cube space coefficients can be evaluated for equation (20) using

normalized coordinates in Table 10.

. .2 2 2 ; .
ZShFE/hFEi = B°+Bi1+va+B¢¢+B121 +B v +B¢2¢ +Biv1v+Bi¢1¢+Bv¢v¢ (21)

v
The magnitude of the coefficients in coordinate space indicate the relative
importance of each term. Differences in evaluation of Bi were noted as

shown in Table 1l.

Table 11. Evaluation of B,, B and B
i' Vv @

Current of Gain | Injection Level 5 B B
Transistor Type Measurement During Exposure i v 17|
npn 2N1613 IC = 10 pa See Table 10 -.0001{+.054 | +.136
pnp 2N1132 IC = lO‘Pa See Table 10 ~-.0004|+.016 +.171
npn 2N1613 Bias Conditions See Table 10 -.065 |+.015 | +.042
of Table 10
pnp 2N1132 Bias Conditions See Table 10 -.047 |+.011 +.115
of Table 10

The Bi values in Table 11 indicate that if a fixed collector current is used
to measure gain then there is no significant dependence of gain loss on
injection current (from 0.3 to 9.7 ma). If, however, gain is measured at

the same collector current as the injection level during exposure then there
is a significant dependence on measurement current (for the range from 0.3 to
9.7 ma). Current gains were measured at a fixed collector to base voltage
(VCB = 10 volts). The magnitude of the values of Bv in Table 11 indicate
that there is a dependence of éshFE/hFE- on the voltage at which devices are
biased during exposure (for the range of 1.6 to 18.4 volts). This dependence
is weaker than that due to collector current at which gain was measured. The
strongest dependence in general was upon electron dose as indicated by the
magnitude of Bﬂ values. Negative values for Bi indicate (as was expected)
greater damage for gain at lower measurement currents. Positive values of

Bv and B¢ indicate greater damage for larger bias voltages applied during
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exposure and for high levels of radiation exposure, respectively. Average
values for the cross terms were as follows:

Bug = +.008, Big = -.0024, B, = +.0028
The magnitude of the values of cross terms indicates that, although inter-
dependences between I, V, and may modify damage, in general they are
relatively insignificant between the limits of: OL3 to 9.7 ma, 1.6 to 18.4
volts, 3 x lO11 to 3 x lO12 e/cm2 (npn), and 3 x lOll to 3 x 1O13

The Latin Cube normalized coordinate equation (Eq. 21) can be trans-

e/cm2 (pnp).

formed to real space.

2 2

hFE/hFEi = A+ AT A Vo + A + AIZIC + AVEVCB (22)

2
tA L, Ay I Vgt AL T A Vg

Using the real coordinate values of Table 10 the dependence on each of the

real variables separately (Ic, v B’ and ) can be determined about the center

C

point of the cube (IC = 5 ma, VCB = 10 volts and = 1.5 x 1012 e/cm2 for npn
transistors). An example is now worked out for the IC dependence of npn
transistors.
0.19 - .05k I, + .004(10V) + 2. 44x10712(1.5x10% e/cn®) + .00k ICZ
+ .0002(10V)(10V) - 3.7x10"22(1.5x10'2 e/cm®) (1.5x10%2 e/cn)
= - 2
AhFE/hFEi— + .0009(10V IC + 1.3x10 15(l.5xlO12 e/cm2) IC (23)
+ 1.4 x 107220v) (1.5 x 10%2 e/cn)
(The real coefficients computer evaluated for equation 23 can be deciphered
from the terms above.)
This reduces to
hFE/ - L 1-011I,+0.011 2 (2h)
hFE 2 Cc c
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for npn transistors (for VCB and @ space from 1.6 to 18.4 volts, 3 x 101 to
3 x 1012 e/cmz). The dependence on Ic is in general agreement with
ZSI/hFE = const Ic(l/n - as discussed in section 2.3.1 as well as typical

results of figure 20 shown in that section. As seen from the last three
terms of equation 235, the interdependence coefficients AIV’ AV¢ and AB& are
small but interesting (see & dependence on IC plots of figure 20).

The dependence of damage on collector to base voltage applied during

reduces to

2
AhFE/h.FEi ~ 1/% [1 + .03 Vo + .0U03 vCB] (25)

exposure, VCB’

for npn transistors (for IC and & space from 0,3 to 9.7 ma and .3 x lOll to

3 x lO12 e/cma).

The dependence of damage on electron fluence)!)reduces to
Y PFE; > 1/8 [1 +2x1202 8 -0.3 x 107" Qz] (26)

for npn transistors (for I, and Vg space from 0.3 to 9.7 ma and 1.6 to 18.4
volts respectively). Equation 26 in general fits the fluence dependence
described in section 2.3.3. A further than second order polynomial expansion
in & might well have approximated the empirical form for damage discussed in
section 2.3.3. The series expansion for tanh k& is

(kie)> . 2(k®)° (27)

tanh k& = ké - 3 15

The general form of each of the pnp equations for dependence on IC,

Vogr and @ were similar to equations 24 through 26.
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2.4.3 Pulsed h__ Tester Techniques

FE

To lessen the time required between irradiation and h measurement,

FE
thus making feasible the taking of more data points and lessening any
annealing which might occur during a prolonged delay, a plan was devised

to make in situ hFE measurements. Two of the ten transistors of each type

tested were actively biased during 15 MeV proton and 2.9 MeV electron
irradiation. The circuitry for these transistors was a simple emitter
follower circuit with the emitter taken to * 10 volts (depending on the
transistor type) through a one-megohm resistor, the base taken to ground
(common to the emitter and collector supplies) through a 100 kilohm re-
sistor and the collector taken to + 10 volts (depending on the transistor
type). This curcuit biased the transistors to conduct approximately ten
microamperes of emitter current. Emitter and base current (and thus hFE)
could be monitored continually by measuring the voltage drop across the
emitter and base resistors which were mounted external to the scattering
chamber. The remaining eight of the ten transistors of each type were
passive during irradiation and hFE was measured using the pulsed hfe test
set up shown in Figure 88. The emitter and base of each passive transistor
was switched inside the scattering chamber using a leadex switch which was
controlled externally. The transistor under test was pulsed with a constant
emitter current (10, 100 pga, 1 or 10 ma) pulse and a corresponding base

current which was monitored to determine the transistor h A pulse width

FE®
of 300 microseconds was used to provide a pulse width which was long compared
to the rise and fall times of the system thus permitting the system to reach

DC test conditions while allowing a minimum of junction heating.

Consider the operation of the hFE tester with the switches in positijons
shown in Figure 88 (NPN). A negative emitter pulse of approximately 10 volts
(the zener voltage of the 1N825 plus the IR drop of the zener current across
the 500 ohms base resistor) drives the emitter current source generator which
supplies a constant current pulse that is determined by the value of the
emitter resistor (550 K for 10 Ma of current ) in the current source. The
base current driver amplifier is an operational amplifier with the transistor

under test in the feedback loop. When the current source is pulsed, the
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summing junction or inverting input (indicated (~) in Figure 88) of the
base current driver amplifier is driven negative which drives the output
positive turning on the transistor under test. The driver amplifier con-
tinues to turn-on the transistor under test until sufficient base drive is
provided for the transistor under test to conduct the full 10 ma of current
which is then limited to this value by the emitter current source. At this
time the inverting input has been forced to assume the potential of the non-
inverting input (ground) and the emitter of the transistor under test is at
a virtual ground. Thus the VCE is simply the 10 volts applied to the col-
lector. The base drive current necessary to force the transistor under test
to conduct 10 4+ a of emitter current is measured by amplifying the voltage
dropped across the base current sampling resistor and observing the voltage
pulse on an oscilloscope. The sensitivity of the base current measuring
circuit is changed by switching to different sampling resistors. Figure 89

is a photograph of the actual test set up.

The transistors in the scattering chamber were press fitted into a
heat sink which was cooled by tap water. The heat sink temperature was
monitored using chromel-constantan thermocouples. The temperature varied
no more than three degrees centigrade from the beginning to the end of
either the 2.9 MeV electron or 15 MeV proton tests. In terms of temperature
variation per decade increment of fluence, the temperature varied no more
than one half of one degree centigrade and the change in base current due

to the temperature variation was small compared to the change induced by

the radiation.
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2.4.4 Anomalous Bias Dependence for Proton Damage

PNP transistors, under active bias during radiation exposure, generally
suffer less damage than when they are passive during irradiation (as indicated
in section 2.4.1 for electron exposure). The results of proton exposure of pnp
transistors were similar to electron damage both in magnitude for equivalent
absorbed dose (see radiation equivalence section 2.3.4) and in the relative
damage sensitivity between active and passive devices. That result is
indicated in Figure 90. (The dashed line of Figure 90 indicates the slight
deviation between IE and IC gain measurements at damage greater than[)(l/hFE) =
0.1.

NPN transistors, under active bias during exposure generally show
greatly enhanced damage over that of passive devices (Ref. 9) (also discussed
in section 2.4.3 for gamma rays and electrons). When npn transistors were ex-
posed to 15 MeV protons, however, the nonlinear gain degradation was greater
than that expected on the basis of ionization equivalence. Proton damage to
passive npn transistors was actually closer to the enhanced electron damage
observed on active npn transistors while devices operated at 10 volts VCB and
10 pamps IE during exposure were actually damaged less than passive devices
in the same exposure test. This result is apparent from a comparison between
proton test results of Figure 91 and the active and passive electron results
in Figures 82 and Figure 18, respectively. The significance of these results
will be discussed further in section 2.6 when the desirability and feasibility

of combined testing is discussed.

The anomalous dependence on bias conditions for proton damage to npn
transistors was not expected and should be studied further in order to provide
insight into damage mechanisms (the interplay between the creation of inter-
face sites and charge buildup - see section 2.3.5). It appears that a detailed
bias study (different injection levels and voltages during exposure) ought to
be conducted for proton effects as has already been performed for electron

(section 2.4.2) and gamma exposure (Ref. 9).
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2.5 UPDATING OF DISPLACEMENT EQUIVALENCES

Efforts to update displacement equivalence values under this contract
included: (1) The remeasurement of transistors heavily irradiated by elec-
trons under an earlier contract, NAS5-9578 (Ref. 2), (2) the extension of
gamma ray irradiation of transistors exposed to lower levels under contract
NAS5-9578, and (3) the extension of 15 MeV proton testing under this con-
tract in place of combined electron and proton testis (to be discussed in

more detail in section 2.6).
2.5.1 Remeasurement of Transistors (Irradiated in Phase I)

Neutron studies (Ref. 22) have shown that displacement damage can have
a weak dependence on collector current at which the common emitter current
gain is measured. This phase II study of nonlinear damage did not include
a program of extended electron testing to linear damage regions where dis-
placements dominate. Thus in order to verify that displacement equivalence

values of phase I tests (at I, = 10 ma) were valid for other currents, further

c
analysis of heavily damaged devices was conducted.

The base transit times, tb’ at IE = 2.8 ma and 5.0 ma were determined
for transistors tested in the phase I program in order to accomplish the fol-

lowing specific objectives:

1. Obtaining damage constants at selected values of IE which then
furnished equivalence values between the different types of radiation e.
Base transit times at the same IE values were necessary for thne normalization
of the A(l/hFE) versus & curves.

2. Separation of the nonlinear damage from the linear type at three
collector currents (2.8 ma, 5.0 ma, 10 ma). Again, normalization of the

ZS(l/hFE) versus € curves was required, which in turn requircd the knowledge

of the ty (2.8 ma), tb (5.0 ma), tb (10 ma) data.

Since during the previous contract (NAS5-9878) only the t, (10 ma)
values were required hence known, the ty (2.8 ma), ty (5.0 ma) values have
had to be determined. Actually, in order to obtain self-consistent data the
tb (10 ma) values were redetermined as well. Needless to say, one could not

predict the relation between the different tb (IE) values. tb (2.8), tb (5.0),
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tb (10) might or might not have been different from each other for transistors
of a given type. Transistors within a given type were expected to behave

similarly..

The following program was carried out on all the transistors involved

to obtain reasonably good consistent t, (2.8), ty (5.0), ty (10) data:

1. hFE(db) data were measured at room temperature with Fairchild Model
75155 hFE tester at many different current values. (Typical set: IE = 0.7,
0.8, 1.0, 1.2, 1.6, 2.5, 5.0, 10, 20, and 40 ma.) The frequency of measure-
ments, f, was selected sufficiently low to produce reasonably high gain even
at low currents in order to improve the relative accuracy. Frequency was

usually 30 MHz.

2. A computer program determined the gain-bandwidth frequency, fT’
for each device at all currents from the hFE(db) versus log frequency plots
in a routine manner (i.e., by drawing a 6 db/octave line from the measured
hFE(db) point and reading the frequency at the intersection of this line with

the O db line).

%. From the tabulated ﬁT(IE) data for each transistor, the computer

prepared l/fT versus l/IE plots.

L, tb was determined from the ﬁr-l versus IE-l plots in the usual
manner. However, the straight line which was drawn across the "low" current
points to give the presumably current independent tb (by the intersection of
the fT_l axis) was handdrawn and not computer constructed. This step was done
on each plot individually after careful examination of the position of the
points. (tb data obtained by using computer constructed "least-square" fitted

straight lines were generally useless.)

Plots of the type discussed are shown in Figures 92 and 93. Interestingly,
transistor 2N1711 exhibits the "Kirk" effect, i.e., tb increases with current at

high current values.

As expected, there was found to be no set rule to decide beforehand if tb
(2.8), tb (5.0), tb (10) differed from each other. In general some transistors

did exhibit common values of t. at two or more I_ values, however many others

b E

showed that t, must be determined separately for each IE value.

b
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A computer analysis of old data (NAS5-9578) yielded damage constants

at IE = 2.8 ma (Tablesl2 andl3) from which equivalence values between the
different types of radiation can be determined. New measurements of base
transit time at 2.8 and 10 ma were used in this work. Comparison of these
equivalence values with those originally obtained at 10 ma showed no sig-
nificant difference between the two. It is significant to note that these
equivalence values were not significantly dependent on emitter current be-
tween 2.8 and 10 ma thus a broader validity of the equivalence concept is

verified.

Further data on the validity and updating of damage constants and
radiation equivalence values for displacements will be discussed as ex-
tended gamma ray test results (section 2.5.2) and extended 15 MeV proton
tests (section 2.5.3). Equivalence values in section 2.5.3 will reflect
the revised displacement values for cobalt-60 gamma ray tests and for

15 MeV proton tests.
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Table 12. Transistor Damage Constants for Proton Tests (IE = 2.8 ma)

271.8

Test 2k Test 26 Test 27
1 MeV 8-17 Mev 100 MeV
L] 1 ]
Freq K Ky . K K, B K K, N
fN Transistor 5 Mc(EEgE%EE) > -1 Mc(EEEE%EE) > -1 Mc(EEgE%EE)
(Mc) Type (protons/cm”) cm (protons/cm”) cm (protons/cm”) cm
87.9| avi613 | 7.0 x 1074 6.2 x 10712 | 3.8 x 1072 3.3 x 100%° | 9.0 x 1077 7.9 x 1072
109.4|  2n1711 3.2 x 10'14 3,5 x 10712 1.9 x 10'11+ 2.1 x 10742 2.5 x 10712 2.7 x 10713
505.3| 2n2219 | 7.2 x 10710 3.6 x 10772 | 4.2 x 10717 2.1 x 10722 |8 x 10716 4.0 x 107%>
213.3| av1132 | 1.7 x 107 3.6 x 10712 | 2.2 x 10°2% 4.7 x 10702 |y x107P 8.5 x 107
| 203.6] 2n28o1 2.1 x 10'14 6.4 x 10°1° | 2.2 x 10'14 6.6 x 102 3.3 x 1073 1.0 x 10722
2N2411 L,5 x 10712 1.2 x 10072 | 6.8 x 107%° 1.8 x 10772 [ 1.8 x 107 4,9 x 10712

I WENN AT
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Table 13. Transistor Damage Constants for Electron Tests (Only for
' Linear Displacement Component) (IE = 2.8 ma)

| Test 21 Test 22 Test 23
Freqj 2.0 MeV 1.3 MeV 0.53 Mev
(;r:) | Tra;;:tor K! p K! Kp K! £p
87.9] 2n1613 | 4.8 x 1077 | 4.23 x 10717 | 2.6 x 1077 | 2.29 x 10‘15; 1.7 x 1077| 1.39 x 1077
109.4; 2711 | 2.3 x 10717 | 2.51 x 10717 9.0 x 10718 9.8 x 10716 7.1 x 10718 7.8 x 10716
505.3 2N2219 | 5.3 x 10‘18‘ 2.7 x1071?| 3.3 x 10‘18 1.67 x 1077 | 2.9 x 10'18 1.46 x 10712
213.3| 2n11%2 | 3.9 x 10727 | 8.3 x 1077 | 5.8 x 10717 8.1 x 1077 1.8 x 10°7] 3.8 x 10717
303.6| 2n280r | 2.8 x 10717 8.5 x 1077 | 2.4 x 1077 7.3 x 1077 1.8 x 107Y7| 5.5 x 107V
271.8| anet1l | 2.2 x 10717 6.0 x 107 | 7.9 x 10'18 2.1 x 102 5.0 x 10‘18 1.4 x 107

!



2.5.2 Cobalt-60 Gamma Ray Damage Constants

Four each of the fcllowing types of transistors: 2N1613, 2N1711, 2N2219,
2N1132, 2N2801, and 2N241l were selected from phase I for extended Cobalt-60
gamma exposure. The extended exposure of these devices was started on June 2,
1967 following full characterization by the Fairchild 500 Series Transistor
Tester. This characterization included: hFE at a collector voltage of 10
volts and emitter currents at 10 pa, 30 pas 100 pa, SOO.pa, 1l ma, 3 ma, 10 imna,

20 ma, and 40 ma; I at V.o of 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0

EBO
volts; and ICBO measurements for different transistor types as listed below.
2N1132 o “ ]
2N1613 2N2219
2N1711 2N2801 R . .2 * S
VCB (volts) ,VCB (Yolts) 4,;YQB (volts) )
1.0 1.0 1.0
5.0 5.0 3.0
10.0 10.0 7.0
20.0 20.0 15.0
4o.0 L4o.0 20.0
60.0 50.0 30.0
80.0 65.0 Lo.0
100.0 80.0 50.0

8

Transistors were recharacterized periodically until a total dose of 6 x 10
rad Si was absorbed. Dose rate information and test conditions were described

in Section 2.2.2.

7 to

Increases in leakage currents due to the extended testing (6 x 10
6 x lO8 rad Si) were not appreciable. The significant permanent changes in
leakage current had occurred prior to the extended tests as indicated in

Table 14 and Figure 94.

An example of the results of degradation of current gain during the
extended Cobalt-60 gamma ray tests is shown in Figure 95 for passive 2N1711
transistors. The linear displacement line is shown on the plot for comparison
purposes, as well as the nonlinear damage buildup at selected collector currents

of 10 ya, 100 Pa, 1 ma, and 10 ma for the extended tests. Earlier phase I test
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Table 14,

Leakage Currents for Gamma Exposure

| Dose (rad Si) [,7779___»__ [6 x 107 r| 6x 58 0 6 x ;l.O7 r|] 6 x10 r
_chj"_‘__’lt_’y | 1.0v | 1.0v 1.0 V 4O v 40 v 40 v
2N1613 1 0.13 nA 1.11 nA
22 0.66 naA 1.27 nA 2,62 nA 4,22 nA
23 0.45 1.02 1.64 3.21
2k 0.5k 0.95 2.10 3.53
25 0.54 1.06 2.16 3.60
2N1711 1 0.05 0.30
20 0.40 4.4 1.11 9.11
21 1.02 1.63 L.y 6.41
22 0.64 1.46 2.37 b 77
23 .58 1.46 2.20 4,21
2N2219 1 0.01 0.25
20 0.31 0.62 1,43 2,60
21 0.21 O.h2 0.96 2.15
22 0.31 0.70 1.51 2.69
23 0.28 0.46 1.4y 3.99
2N28o1 1 0.15 1.19
20 1.57 5.60 17.00 42,00
21 1.09 4,53 13.10 41,00
22 1.21 5.03 16.70 50.00
23 1.25 5.71 12.40 50,00
2N1132 1 0.06 0.22
20 0.96 1.07 6.75 8.51
21 0.08 0.24 2.71 3.38
22 0.09 0.22 3.47 3.64
23 0.09 0.28 11.20 38.90
2N2411 1 0.40 9.75
20 0.59 0.52 29.40 25.00
21 0.60 2.77 25.30 2k,60
22 0.63 l 0.61 4 28.50 26'104
23 0.57 0.58 20.50 26.60
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data is also shown on the figure. Linear displacement damage dominated
(at 10 ma) only after the devices had suffered severe nonlinear gain

degradation. Note tlhe compression of the I, = 10 ma and IC = 1 ma damage

c
curves in Figure 95 as displacement damage sets in, showing less dependence

on Ic for displacement damage than for nonlinear damage.

Verification of the domination of damage by displacements (10 ma)
at high levels of exposure can also be seen in Figure 96. Slope values
of n = 1 indicate bulk displacement damage while the slopes of n = 1,7 are
more typical of that observed for nonlinear surface effects (Section 2.3.1).
From the extended tests it was evident that phase I extrapolations for
Cobalt-60 gamma ray displacement damage needed significant revision.
BEarlier values were extrapolated from much lower levels of exposure where
nonlinear damage was still dominant. A comparison of the earlier estimates
and the revised damage constants from the extended tests are shown in
Table 15. Even with extended exposures out to 6 x 108(rad Si) some
transistor types were still dominated by nonlinear damage making extrapola-
tion still necessary. A revised equivalence table is shown at the end of

Section 2.5.3.

Table 15, Transistor Damage Constants for Gamma Ray Displacements

K! K

Fransistor| D
Type Phase I Estimate|Updated Phase II|Phase I Estimate|Updated Phase II
2N1613 7.1 x 10717 2.5 x 10029 | 6.7 x 1077 2.35 x 1077
oN1711 | 1.8 x 1079 9.0 x 100%° | 2.7 x 1077 1.33 x 1077
oN2219 | 5.0 x 10720 1.7 x 10020 | 2.2 x 107 2.47 x 10718
oN1132 | 3.4 x 107%9 1.7 x 10719 | 1.3 x 10736 6.7% x 1077
2N2801 | 3.0 x 10719 2.5 x 1002 | 9.7 x 1077 2.43 x 10737
2N2411 7.7 x 10720 <5.0 x 10729 L2.7 x 10717 <2.04 x 1077
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2.5.3 Extended 15 MeV Proton Testing

In the original technical proposal (Ref. 1) tests were planned to cover

a wide enough proton exposure range to include damage regions dominated both
by nonlinear surface effects (low level exposurés) and displacement damage
(high level exposures). From those tests it was planned that the relative
contributions of both types of damage could be assessed. At the time of
contract negotiation, however, the 15 MeV proton tests were reduced to low
level exposures in order to correspond with limitations of available funding
by NASA GSFC. After contract award exposure tests were conducted for ab-

sorbed doses from approximately 103 to 2 x 104 rad Si.

As partially revealed in Section 2.4.4, "Anomalous Bias Dependence
for Proton Damage,'" some very interesting but unexpected results were observed
for those tests. Those findings demonstrated the need for resolving whether
or not nonlinear damage dominates for low level exposure before beginning any
combined test program. By mutual agreement between the Boeing technical
leader and the NASA GSFC technical monitor, the contract work statement was
formally altered to provide for extended proton testing by delaying combined

testing for possible inclusion in a later program.

In Section 2.6, "Feasibility of Combined Testing,'" the results of ex-
tended tests are viewed in terms of the resolution of proton damage mechanisms.
In this section data from the extended proton testing is used to evaluate
damage constants for displacement effects. 15 MeV proton linear displacement
damage (at IC = 10 ma) is shown for NPN and PNP transistors by the solid lines
in Figures 97 and 98 respectively. (The dashed lines in Figure 97 indicates
that differences between gain measured at fixed IC and IE are small for this
damage region). Displacement values found for the extended testing agree
fairly well with those determined in the phase I program as indicated in the

comparison between dash (10 ma) and solid lines on Figure 98.

A comparison between displacement lines for purposes of evaluating
equivalences is shown in Figure 98 for PNP devices.. A comparable figure for
NPN devices is shown later in Section 2.6, where implications for combined

radiation tests are discussed. Based on the overall results from Section 2.5,
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a set of revised equivalence values for displacement effects is presented in
Table 16. During the 1 MeV electron nonlinear tests, exposure levels were
extended in order to better extrapolate displacement effects. Those results
indicated that a shift in the extrapolated displacement lines for electron
damage to PNP 2N1l132 transistors be made in the direction of agreement between

equivalences obtained for NPN transistors (Ref. 2).
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Table 16.

Revised Values for Displacement Equivalences

Particle Type Alpha® Proton N;;;;:n Electron Gamma Rays

and Energy 5 MeV 15 Mev Reactor 1.3 MeV Cobalt-60
'(‘;P::;) 1 b1 1.4 x 102 | 3.75 x 10°| 3.75 x 10°
s 2.5 x 107 1 3.3 x 10* | 9.0 x 10> | 9.0 x 10"
Boron {71 %107 3.1 x 107 1 2.8 x 10 | 2.8 x 10°
i‘lg";:;n 2.7 21071 11.1 x 1070 | 3.6 x 1072 1 1.0 x 10°

Gamma Rays 2.7 x 107 11 x 10 | 3.6 x 107 | 1.0 x 1072 1

*Transistor Cans off for 5 MeV Alpha Particles




2.6 FEASIBILITY OF COMBINED TESTING

The contract for this program, before modification for extended proton
testing, included the requirement for conducting a simultaneous electron-
proton exposure test to determine synergistic efiects for nonlinear damage.
Consequently, a combined test set up was assembled. Before starting any com-
bined tests the test setup was used to conduct sepérate electron and proton
_exposures of transistors. The results of high rate Linac electron tests at
2.6 MeV energy agreed well with steady state 1 MeV electron results. 15 MeV
proton tests revealed anomalous results that obscured resolution of the
relative importance of ionization and displacement effects. To overcome this
difficulty the contract was modified in order to extend proton test data to
higher exposures and thus determine enough about the damage profile to
recommend a proper combined test program for later phase III studies. Dif-
ferences observed between proton and electron damage indicates that combined
tests are imperative in order to perform the proper assessment of radiation

damage to electronics on board orbital systems.
2.6.1 Combined Test Setup

Details of the radiation test configuration, in particular the de-
scription of separate proton and electron exposures, were discussed in Section
2.2. The plan view for combining the electron beam from the Linac and
protons from the helium-deuterium reaction is shown in Figure 99. The axes
of the Dynamitron and Linac beam handling systems converge at an angle of 30
degrees inside the scattering chamber. The deuterated titanium target is
positioned at the convergence point (Figure 100) at an angle of 20 degrees
to the He3 beam Just as it was in the separate proton tests. Dosimetry for
the combined tests would have been accomplished as in the separate proton
and electron tests (see Sections 2.2.3 and 2.2.4). A photograph of an overall

view of the combined beam setup is shown in Figure 10l.
2.6.2 High Rate Linac Results

Electron exposure tests of 2N1132 and 2N1613 transistors were performed
at 2.6 MeV using the Linac accelerator. Exposure conditions in Section 2.2.3

indicated that high instantaneous rates were employed (pulsed beam) as compared
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with earlier 1 MeV steady state electron tests. The purpose of separate
testing of transistors using the Linac was to validate the use of pulsed
exposure at high rates to simulate low rate steady state exposure typical
of space radiation environments. Test results were quite favorable as
indicated in Figures 102 through 105. Linac results on passive 2N1613
transistors of Figure 102 can be compared with steady state exposure of

Figure 18. The results are essentially equivalent. Active NPN transistors

exposed to 2.6 MeV electrons show enhanced damage over passive NPN transistors

as in the case of steady state electron exposure. Agreement between the
lO‘yamp curve of Figure 82 and the active curve of Figure 104 is clear.

It can be concluded that equivalent nonlinear damage to transistors (active
or passive) is obtained independent of the rate of electron exposure. Thus
pulsed Linac electrons should be adequate for combination with steady state

protons in future synergistic tests.
2.6.3 Resolution of Proton Damage and the Proposed Synergistics Test Plan

In order to properly plan a combined test it was necessary first to
determine the relative importance of ionization and displacement damage over
the fluence range of interest. At the end of the originally planned low
fluence 15 MeV proton test (2.9 x lO4 Rad Si) a number of apparent incon-
sistencies existed in determining whether damage was due to displacement or

ionization. Those inconsistencies were as follows:

Inconsistent with normal displacement effects
(/n - 1)
C

1. The n values in A(l/h.FE) =KI for both NPN and PNP
transistors corresponded to those found for ionizing electron

and gamma ray nonlinear damage, i.e., l.3 < n < 1.8.

2. Values of alpha cutoff frequency, transit time, or ﬂr were

ineffective in normalizing the gain degradation.

3. Passive PNP transistors were more sensitive to proton damage
than were active transistors, similar to electron or gamma

ray nonlinear damage.

4, Isothermal fractional annealing of the damage was similar to

nonlinear gamma ray damage. (See Figures 106 and 107.)
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5. Damage showed a very iarge dependence on collector current
(n ~ 1.7) considerably greater than that observed in neutron
displacement damage or in the 1 MeV proton damage observed
in the earlier phase I equivalence study. (See Figure 108.)

6. A large spread in 2N1132 device response was observed typical

of nonlinear damage from electron testing.

Apparent inconsistencies with normal nonlinear damage

1. Damage appeared to be linear rather than nonlinear in profile,
ie., O/ YK

2. The "linear" damage line for protons agreed fairly well with

proton equivalence values (at 10 ma) from the NAS5-9578 study.

3. Proton damage to passive 2N1613 transistors was greater than
that for an equivalent absorbed dose from electrons or protons
(ionization equivalence did exist however for PNP 2N1132

transistors).

4, At the low exposure of 2.9 x 104 Rad Si there was as yet no

tendency for the damage to saturate.

5. Isochronal fractional annealing data did not agree exactly
with gamma ray results indicating the possibility of displace~

ments. (See Figures 109 and 110.)

6. Proton damage to active NPN transistors was less than that
to passive transistors, opposite of that observed in electron

or gamma ray nonlinear damage.

Based on these inconsistencies no combined tests were performed since

the following dilemma arises in selecting between approach A and B.

A. If the protons cause nonlinear surface damage then the synergistics
test should use equivalent dose and dose rates for both the electrons
and protons, otherwise one would expect one particle type to dominate.
(This approach would be worthless if the proton damage were due to
displacements, since an equivalent amount of electron dose would

also be dominated by proton displacements.)
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B. If 15 MeV proton damage at low fluences is due to displacements
then in a synergistics test a much higher dose and dose rate for
electrons (several orders of magnitude) should be used to deter-
mine if ionization can influence displacement damage, otherwise
proton displacements would dominate electron dose as it dominates
proton dose effects. (This approach is worthless if the proton
damage is due to '"monlinear! surface effects since the electron
dose would then dominate the proton dose and no synergistic

effects would be expected.)

Because of this dilemma the combined tests were postponed until later
and extended proton testing was performed up to an absorbed dose of 6 x 105
Rad Si. The results of those tests were shown earlier in Figures 51, 90, 97,
and 98 as well as now in Figures 111, 112, and 113. The results of the ex-
tended tests in no way removed ahy of the inconsistencies with displacement
damage, as listed, but rather strengthened them. As an example, Figure 111
shows that the strong dependence of 2N1613 damage on Ic remains similar to
surface effects (i.e., n ¥ 1.7) for exposures up to 1.3 x lO5 rad Si. Only
above that exposure level is there a definite indication (with n = 1.4 at 10 ma)
of the onset of the dominance bf displacement damage at high currents for
2N1613 transistors. Figure 112 shows that for 2N1132 transistors displace-
ment damage appears to be competitive with ionization damage at high cur-

rents (10 ma) even at low exposures.

Two of the apparent inconsistencies with nonlinear surface effects

have been removed:

1) Damage at high exposures no longer appears to be linear for

2N1613 transistors (see Figure 113).

2) There is a definite indication of the beginning of saturation
of the damage at high exposures for 2N1613 transistors (see
Figure 113).

Furthermore, the linear damage line for proton effects (at 10 ma), as shown

in Figure 112, still agrees fairly well with the phase I equivalence results.
Finally, anomalous proton damage, i.e., damage to passive NPN transistors being
greater than that to active NPN or passive PNP devices is not only inconsistent

with ionization effects but also with displacement effects.
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Thus, it appears that the gain degradation caused by 15 MeV protons
most resembles nonlinear damage (ionization induced surface effects).
Based on this assumption, it is recommended that test approach A described
in Section 2.6.3 be used in future combined tests. Since anomolous proton
damage does not obey the ionization equivalence concept and since dependence
on active biasing is the opposite of that observed by electroms, it is

deemed highly desirable to conduct combined protcn-electron tests.
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3.0 NEW TECHNOLOGY

The research work performed on this contract has been reviewed and to

the best of our knowledge no new technology is reportable.
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4.0 CONCLUSIONS ANb RECOMMENDATIONS

Significant conclusions baqed on the results of this study are briefly
summarized in this section along with appropriate recommendations for future

study.
4,1 CONCLUSIONS
1) Dependence of Nonlinear Damage on Measurement Current

In general, nonlinear damage to passive transistors when presented
in the form of [}(l/hFE) versus particle fluence (or dose) resulted in parallel
curves for a family of IC values at which hFE is measured. (The reason for
this result is explained qualitatively in Section 2.3.1 and does not apply to
transistors operated actively during exposure.) It was further verified that
for both electrons and protons the current dependence is as theoretically ex-~
pected

N 1/byp) = constant Ic(l/n“l)

where n is the exponent in

Ig g'IBO exp (quE/n k T)
Raytheon 2N1132 and 2N1613 transistors both had a "surface effects n value" of
approximately 1.5, while Fairchild transistors of both types had n values
closer to 1.7 for nonlinear damage. Transistors of both registered types for
both manufacturers demonstrated a change in n value toward n = 1 when displace-
ment damage began to dominate surface damage. (15 MeV proton damage to
Fairchild devices showed a slope of n = 1.7 for doses up to 1 x 105 Rad Si.)

2) Statistical Spread in Device Response

Devices of the same register number, but different batches (even
between different manufacturers) generally showed similar sensitivity to radia-
tion. Devices of the same batch generally degraded in a similar manner.
Interesting differences in sensitivity of damage were observed for devices of

different date codes from the same manufacturer. 1In general for better
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normalization of damage for different date codes of the same manufacturer
was obtained when damage was examined in terms of relative gain loss,
éShFE/hFE-' rather than Z}(l/hFE). 2N1613 Fairchild devices demonstrated
less statistical spread in sensitivity than did Raytheon devices. The gain
loss of Fairchild devices was in between that of the extremes of the
Raytheon batches. Significantlx)devices from one of the later date codes
proved to be the most sensitive. 2N1132 transistors had approximately the

same statistical spread in damage independent of the manufacturer.

Active devices were also tested but in smaller lots. Test results
indicate that the spread in the radiation sensitivity of active devices is

much greater than that for passive devices.
3) Correlations and Empirical Formulation

Gain degradation was analyzed in several mathematical expressions

to investigate empirical formulations. Although a simple power law
{N1/hp) = constant & 0<x<1

holds in some cases, it was generally only over a very limited fluence range,
if at all, For actively biased devices during exposure, values of x > 1 were
even observed. Correlation studies, furthermore, appear to indicate that
excess base current ZIB is related to I 5 Consequently, the reduction

of statistical spread u51ng a formulatlon 1n terms of relative gain loss

would be expected. An empirical relationship of the following form

0.4

B = 5 v i3
was found to best fit the experimental data over the full dose, D, range up
to and including saturation damage, fs.

4) 1Ionization Equivalence for Nonlinear Damage

The hypothesis of ionization equivalence for nonlinear damage to
passive transistors was found to be violated. In general equivalence on the
basis of todal dose appears to hold for X-ray, gamma ray, electron and proton

exposure of passive PNP transistors and indeed for exposures of passive NPN
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transistors by all except protons. An anomalous exception to the total dose
equivalence concept for passive transistors was observed with far greater 15 MeV
proton nonlinear damage to 2N1613 transistors.

5) The Source of Nonlinear Damage

The problem of the source of nonlinear damage seems to narrow down to the

fact that the relative importance of charge accumulation and creation of inter-
face states under the various bias conditions during exposure has not been
thoroughly studied hence resolved. Work carried out in this area has been some-
what fragmentary so far. In particular the results by the Fairchild group on
passive (only) NPN transistors and by Maier on reverse biased (only) NPN
transistors demonstrated the dominance of the new interface states over the
charge accumulation. (See references 5 and 6 in App. II.) The results of
Boeing in-house research on active and passive, normal (i.e., gas filled) and
evacuated Fairchild 2N1613 transistors showed, on the other hand, that the
charge accumulation due to gas ionization inside the can was the primary factor
for the enhanced degradation of the normal active NPN devices. Nevertheless the
passive gas filled, as well as the passive and active evacuated devices seemed
to indicate the predominance of the degrading effect of the new interface states
over that of the charge accumulation. A more detailed description of the
Boeing work i. given in Appendix II.

6) Active Biasing and Latin Cube Analysis
Active operation during exposure significantly enhances the sensitivity

of NPN transistors to electron or gamma ray induced nonlinear damage. Furthermore
this enhanced damage depends on the type of radiation causing the damage although
it does not depend on the rate of exposure. 1 MeV electron damage to active NPN
transistors is greater than that caused by a corresponding absorbed dose from
Cobalt 60 gamma rays. On the other hand, active proton damage to NPN transistors
is less than passive proton damage. 15 MeV proton damage to passive transistors
was actually very close to enhanced (on active devices) electron damage providing
a definite anomaly in the bias dependence correlations.

The Latin cube computer analysis of the multifactor experimental design
provided a determination of the weak interactions between the three test variables--
injection current, collector voltage, and particle fluence. While cross dependences
between current and fluence or current and voltage are close to negligible a
stronger interdependence between collector voltage during exposure and fluence
(or dose) was observed. Latin cube binomial empirical formulations for the

separate dependences on current, voltage, and fluence were
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(AhFE/hFEi) >1/2 [1 - 0.1 I, +0.01 Icz],

chb

(AbFE/hFE ) >~ 1/8 l:l +2x102 5 - 0.3 x 10724 62]
i
IcVe

(AhFE/hFEi) ~ 1/3 [1 + 0.03 Vg + .0003 vcg]
I

db

over the ranges of 0.3 to 9.7 ma, 1.6 to 18.4 volts and 3 x 10ll to 3 x lO12

e/cm2 (for NPN transistors).

7) Updating of Equivalence Values for Displacements

Equivalence values (from early phase I data) were analyzed and

found not to be significantly dependent on emitter current between 2.8 and

10 ma. Thus, a broader validity of the equivalence concept was verified.
Gamma radiation testing extended to very high doses provided the means for
replacing earlier lower dose extrapolations to determine damage constants,
The extension of proton testing to high exposures also provided increased

confidence in equivalence numbers presented in Section 2.5.
8) Feasibility of Combined Testing

The integrated test setup (2.9 MeV electrons from the Linac
and 15 MeV protons from the Helium 3 - deuterium reaction using the
Dynamitron) worked quite well in separate electron and proton tests. The
transistors were exposed in the same position on the sample holder for each
test indicating that simultaneous exposure at the desired rates is feasible.
Results from the separate 2.9 MeV Linac test (pulsed) agreed very well, for
both active and passive transistors, with earlier results from the 1 MeV
electron Dynamitron test (steady state) indicating that simulation by the
Linac was feasible. Extended proton testing indicated that 15 MeV proton
damage to NPN transistors (2N1613) is dominated by nonlinear damage (at
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low currents up to 10 ma and for exposures up to 1 x 105 Rad Si). This
damage was anomalous, however, in that active devices were damaged less
than passive devices by protons (opposite to electron induced damage).
This result would seem to indicate that simultaneous electron and proton
exposures (synergistic), typical of exposure of space systems in the Van
Allen belts, would be expected to show nonadditive results (on the

basis of total dose deposited).

4,2 RECOMMENDATIONS

It appears that, based on conclusions listed in Section 4.1, the
following recommendations should be implemented in a future phase III
program in order to allow for computerized prediction of effects in

transistors caused by exposure to space radiation of complex spectira.

1) Based on the results of statistical tests on passive transistors,
it is recommended that in the procurement of transistors for future testing
important surface properties be identified, specified, and controlled
during manufacture. This should be done in order to generate data that
can be extended to a generalization of effects in other transistor types.
Furthermore, it is recommended that a statistical test of actively biased

transistors be conducted similar to that for passive transistors.

2) Further investigation of the empirical formulation appears to be
desirable to determine whether an expression involving the hyperbolic tangent
has general validity for different types of devices and whether a theoretical
basis exists. When a formulation is validated it will provide a basis for
standard evaluation of surface effects damage constants for different types
of transistors.

3) The generalization of the proton violation of the concept of dose

equivalence for exposure of NPN transistors should be explored by proton

irradiation of other types of NPN transistors.

4) It is recommended that studies should be conducted to determine
the relative role of charge buildup and the creation of new interface states

in producing nonlinear gain degradation.
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5) The anomalous dependence on bias condition for proton nonlinear
damage to NPN transistors was not expected and should be studied further in
order to provide insight into damage mechanisms. A detailed bias study
(different injection levels and voltages during exposure) ought to be
conducted for proton effects as have already been performed for electron

and gamma ray exposure.

6) It is finally recommended that the combined tests originally
planned for this program be included in a future study. The desirability
of synergistic tests to determine the method of computer integration of ef-
fects from separate particle types and energies has increased because of

the lack of ionization equivalence between protons and electrons.
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APPENDIX 1

THEORETICAL BACKGROUND

OF THE SOURCE OF NONLINEAR DAMAGE

The following is a brief review of the effects of ionizing radiation on
oxide passivated Si surfaces and on the subsequent physical events leading to
planar transistor degradation. This step is necessary because our experimental

results will be discussed and analyzed against this background.

Al. Effects of Ionizing Radiation on Oxide Passivated Si Surfaces

According to numerous investigators an oxidized Si surface when exposed to

ionizing irradiation undergoes the following changes:(IO).

i) Positive charge is accumulated within and sometimes on the Sioa.
ii) New energy levels are introduced into the forbidden band of Si

at the Si-S:'LO2 interface. 1In short, new "interface states" are created.
Let us discuss the physics of these two events briefly in turn:
i) Physical origin of the accumulated charges and their buildup with dose:

The accumulation of positive charge within the SiO2 in the presence of
a uniform electric field across the oxide (during irradiation), is quite satis-
factorily explained by Mitchell‘ll{ His model assumes that hole-electron pairs
are created in the SiO2 by the radiation and that some of the electrons thus
created drift out of the SiO2 layer under the action of an applied potential
across the oxide, Vg, while the corresponding holes become trapped. The

analysis predicts 1) a dependence of charge buildup on radiation dose D,

References 10 - 18 of Appendix I are listed in Section 5.0.
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approximately of the form 1 - exp(-8D) where 3 is a material dependent
constant; 2) a linear dependence of the charge buildup at saturation on Vg
for both polarities of Vg; and 3) the dependence of the charge buildup on

the total dose absorbed and not on the rate at which the dose was received.

Experiments by Mitchell himself as well as by others on MOS structures
(NOT on bipolar transistors) support the type of charge buildup process
predicted by the equation 1 - exp(-Bp) . We will also make an attempt to
correlate our gain degradation vs. dose curves with the predicted charge

buildup vs. dose relation.

Another important case we should try to understand is the experi-
mentally observed positive charge actumulation within the SiOp when there is
no electric field across the oxide layer during irradiation (VG = 0). Unfor-
tunately there is no satisfactory treatment accounting for the charge accumula-
tion under zero bias conditions. Only some tentative ideas have been proposed

so far.(ll)

An understanding of charge collection on the SiO, surface of a planar
transistor is relatively easy. It occurs only when the collector base junction
is reverse biased during irradiation. It is due to the irradiation induced
jonization of the gas within the transistor can and the subsequent collection
of the positive ions over the base or the collector by the electric field

existing between the can and the base (the can is connected to the collector).
ii) ©Physical Origin of the Interface States and Their Buildup with Dose:

At the present time there is no theoretical treatment predicting the
functional form of buildup of new interface states with dose, like the one
worked out for charge accumulation. The primary reason is probably that even
the identity or the physical origin of the defects responsible for the interface
states, both original and new, is in question. Some workers claim that the new
states are due to the breakup of Hydrogen-Si bonds at the interface by the
irradiation.(la) Hence, the states are independent of the accumulated charges
within the oxide. Other researchers(IB)propose that the interface states are
due to some positive and negative charges located in the oxide within a certain

distance from the Si-SiO, interface. There are @ number of valid arguments for




or against either proposition. It is very likely that there are several
sources of the original and the new interface states, including the two

ideas presented.

For the purpose of this report, we conclude that the creation of
new interface states 1s a fact, although the physical origin of the states
is still uncertain. In any case it is shown experimentally that the buildup
of new states with dose will also go into saturation not unlike the buildup
of positive charges. It is claimed, however, that the buildup of the new
states is i?d2§endent of the applied gate bias during irradiation in MOS
1

structures.

A2, Degradation of Transistor Parameters

Next, we would like to discuss the expected degradation of a passivated
planar transistor in terms of the surface changes caused by ionizing irradia-
tion presented previously. The two main degradations we are concerned with
are the increase of Igpgy and the decrease of hgp. To be more general, we
will talk about the increase in the reverse currgnt, IR’ Also, instead of
the degradation of hgpp we will discuss the increase of the base current, Ig.
These latter two events are equivalent because

o~ Temo _ g I

R ——— (l - — A(l)
FE ‘B g g
where
I

= (L
I = (I Yy x I

CEO B CBO

Since IC changes very little during ionizing irradiation it is the increase

in IB which is primarily responsible for the gain loss.

Now we wish to find out the controlling variables of currents IR and

IB in order to assess and understand the effect of the charge accumulation
and the creation of new interface states on the appropriate variables hence
on currents IR and IB. Reiterating some of the results of semiconductor
device physics it is well established that in terms of their physical

origin IR and IB are given byﬁli)




IR=Zi: I;'=§ I, end I Z 1 :L," I, A(2)
The equations above tell us first that both I and I are made up of several
different components designated as I and IB’ each component having a different
spatial origin in the transistor. The regions in question are: bulk of the
emitter and of the base; surface of the emitter and of the base; bulk of the
junction transition region; surface of the transition region; channel (in-
version) region, if present. (The appropriate components originating at the
surface of the junction will be designated as I;, I;, Ijec’ IZen') The re-
lative importance of these regions in contributing to IB or IR depends on
many factors including the injection level (for IB). As an example, it is
the surface of the transition region which is the most important in deter-

mining the value of I, thus the current gain at low injection. More will be

B
said about the empirical equations representing the different IB components

in section AJ.

It is also shown in EquationA(2) that the separate components can be
identified with thermal generation (Izen) and recombination (Iiec) currents
respectively as to their physical origin. EquationsA(2) then simply express
the fact that in a given region of the transistor a thermal generation current
will result whenever the thermal generacion rate of hole-electron pairs is
made excessive over the recombination rate of those pairs. (The thermal
generation is due to the electromagnetic radiation, called "thermal radiation",
present in any material at temperature T.) Similarly, a recombination current
will result whenever the recombination rate becomes excessive over the genera-
tion rate. In thermal equilibrium these two rates are equal of course, but
by external means (e.g. reverse bias, forward bias, illumination...) the
balance can be destroyed and one ends up either with current sources furnishing

the IR or with current sinks representing IB.

By taking into account the fact that according to the Shockley-Read-~Hall
theory the generation and recombination of hole-electron pairs takes place through
some energy levels located in the forbidden energy band, serving as "stepping
stones" for the particular process, we can now list the variables controlling IR

and IB



JJIZS = £ (Nt’ E‘b’ O'e,O'ha noa PO) T, V, n, P) a(3)

where Jlg is the recombination or generatlon current density in a given
region of the transistor (hence J I and J =1 ) By writing Jrg
instead of Jr and Jg we want to empha51ze the 1nt1mate relation between Jr
and JS since the.same energy levels serve as stepping stones for either the

recombination or the generation process.

Nt: Density of energy levels in the energy gap promoting the generation
and recombination; Et is their energy position; O;l, O;l are the

electron and hole capture cross-sections respectively

nos pO: Equilibrium electron and hole concentrations in the bulk

T: Temperature
Ve Applied voltage
n, p: Electron and hole concentrations in the particular region in question

The explicit functional form of J g is somewhat different in different
reglons of the transistor it is also different for Jr and J* (i.e. for IB and
IR)' At the surface of the transition region for both Jr and Jg the dependence
on Nt is linear. The dependence on n and p is much more complicated, containing
hyperbolic cosine functions. Ji will have a maximum when n = p g'ni exp(qlVFl/ZKT)
and JZ has a maximum when n, p << n. i.e. for a depleted surface. n, is the

intrinsic carrier concentration, V_ is the applied forward bias, Incidentally,

the semi-empirical i £ F(JS) nd (J%) (16)
i-empi expressions for (J) . a & max 27
s
= A
(Jg)max a xS, xn, (4)

where So has been defined as the surface recombination velocity of a depleted
surface. It is proportional to the density of the interface states. (Actually
S =8 here since the n , p << n, condition made S reach its maximum value
o max s’ ¥s i ]

in the reverse biased case. Of course So 1s still a function of Nt’ Et’ (7;1,

lo1% T, n_, p, as listed in EquationA(3).) Also,




alv |

(Jf‘)max ﬁx q S, xn —?:EE— exp (qlVFI/ZKT) A(5)

for |V | >> KT/q
F

s .
It is significant to note that surprisingly (Jg)max i.e. (IR)max is

independent of the reverse voltage in EquationA(4).

Another interesting result comes by taking the ratio of EquationsA(5)
anda(X4).

@) alv_

L max =T_21‘ -——F- exp (qlvF]/axT) A(6)
(g )
g’ max
I.e. the ratio of (I ) ax/(I ) is a constant at a given forward bias

and temperature. Consequently 1f, for example, the maximum surface generation
current, (I5) __, increases by a factor of two because of new interface states

R max
then so does approximately the maximum surface recombination current, (I )

B'max"
(Hence the hFE will also decrease by a factor of two.) Similar approximate
results are obtained by taking the ratios IB/I for other current components,
signifying a close relation between them, although the ratio in those cases

will depend on the reverse bias, VR’ as well,

Having found the variables controlling IB and IR in EquationA(3) we can
now discuss the effect of the charge accumulation and of the new interface

states on these currents in terms of their variables.

The introduction of the new interface states will increase the density

of the recombination - generation levels, Niy in EquationA(3). Consequently
both IR and IB will be enhanced since their surface components IZ and I;

are increased linearly with Nt' Although the energy positions and respective
capture cross-sections of the new levels may be different from those of the

levels originally present, it is an experimental fact that the new energy




levels themselves are very efficient recombination-generation states. It
should be pointed out that whenever I; is affected seriously as the case

here, then the gain degradation is most significant at low injection levels
8
B

The effect of the charge accumulation (either within or on the SiO

where usually IB’f I_ even before irradiation.

2
or both) on IB and IR in terms of their variables will be somewhat different

in the following cases therefore treated separately in turn:

i) No inversion, only depletion of the substrate Si occurs. The
charge accumulation will modify n and p at the surface of the transition
region (ns, ps) in EquationA(3) by changing the surface potential hence Ji or
J: will be modified. I; and I; may or may not reach maximum as a function of
the surface potential (thus n_ and ps) depending upon the extent of depletion

of the substrate.

ii) 1Inversion of the substrate Si occurs, thus a junction, called the
"“field induced junction", is formed. This case has to be divided into the
following three subcases: (In the first two it is assumed that the extent
of inversion is not sufficient to cause "channel' formation discussed in &)

o) There is no breakdown across the field induced junction during

applied bias:

The two new regions which affect IB and IR in this inversion
case are the surface of the inversion layer and the bulk transition region of
the field induced junction. However, the effect of the surface decreases
rapidly with surface inversion and will be negligible under large inversion.(l7)
(Since Ji and JZ as functions of the surface potential have already passed their
maximum when the inversion set in.) On the other hand, the bulk transition re-
gion of the field induced junction will serve as an extra source of current

for either IR or I_ thus contributing to their degradation.

B
A ) There is a voltage breakdown of the field induced junction
during applied bias:
The breakdown can be either an avalanche or a Zener breakdown
1
depending upon the surface doping of the inverted substrate.( ) Avalanche

18 -3

occurs below approximately 3 x 100 cm “. Zener breakdown or tunneling occurs
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when the surface doping is approximately between 3 x 10 cm-3 and 8 x 10 cm_3.
Either of these breakdowns give rise to a tremendous increase in IR. In addition,
the tunneling can significantly increase IB hence degrade hFE both at low and high
injection levels. This effect, when it occurs, is so drastic that it overrides

every other cause of gain degradation especially at high injection levels.

¥) "Channel" or ohmic path formation between the contacts of the

base-emitter, base-collector, emitter-collector.

This event specifically refers to the case of base inversion of
such an extent in area that a direct ohmic path between the different terminals
of the transistor develops. Depending upon the size of the channel the resulting

increase in 1 may completely disrupt further device operation. (For-

cBo °F Lexo
tunately the effect of a channel across the base-emitter junction alone is not
too serious for gain degradation because this junction is forward biased and

the channel path is usually highly resistive.)

Since the accumulated charges in the SiO2 are positive it follows
that the depletion and inversion occurs on a P type substrate only. This is the
base of an NPN transistor and the emitter and collector of a PNP transistor.
Therefore, a different response is expected to ionizing irradiation by NPN
and PNP transistors. The difference in behavior is further amplified by the

fact that the surface doping of the base and emitter regions is quite different.

20

The emitter region is usually very highly doped (> 10 cm-3), consequently

only a very narrow region in the vicinity of the junction, where there is a
lateral concentration gradient, can be depleted and inverted. Nonetheless,
since tunneling can usually occur through part of the small inverted region,
the degradation of IB hence hFE can still be very significant for a PNP
transistor as we will see later during the presentation of our experimental
results.

A3.. . Empirical Equations for I;

Previously in EquationA(3), we indicated the variables controlling Ig
by taking into account the physical mechanisms causing the current. Next
we write down some empirical equations for I;,which say very little about
the physical origin of the current but emphasizes its approximate voltage

and temperature dependence.
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Iz = ? 1y and Iz = Iy e v, D% A7)

1

where Ié is an empirical constant for the i!h component :f the base current,
ni(V,T) is the "identifying" component number for the i component. 1In
general, it may be a function of injection level and of temperature. The
value or the range of values of n for the different base current components
are as follows:
n = 1l: Bulk recombination current in the emitter and base region.
Or, surface recombination current on the emitter and base

region.

1<n<2: Bulk recombination current in the junction transition re-
gion. Or, surface recombination current over the transition
region. It is significant to note that in this important
case the meaning of a given n value is unfortumately

ambiguous, unless complemented by some other measurements.

2<n<k: Recombination current in the channel (inversion) regions,

if present, and the adjacent bulk material.

In a given V and T range it is usually true that one of the base cur-
rent components is dominant. Then by determining the n value we may be able
to identify the component in question. The identification of the spatial
origin of the current is usually important in complementing and supplementing
the conclusions of some other measurements. Two different techniques were
used to obtain '"'n'":

i) VBE analysis: n can be determined from the slopes of the log IB
VS. VBE plots as seen from EquationA(?7) and is well discussed in the litera-
ture. We emphasize again that a changing n value at different VBE points may

still represent one dominant IB component. The variation in n in such a case

may simply reflect its injection level dependence.

ii) l/hFE vs. IC plots: n can also be determined from the slopes of the
log l/hFE vs. log IC plots at a given fluence since

I-9
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This is valid if the base current consists of one dominant component, i.e.

I_=1I_. exp (qV/nkT). Then since I,=1

B 50 exp (qV/KT) we can write I_ =
1/n
c

co B

constant I and consequently obtain Equationg(8).

If one is interested in identifying only the additional base current
component(s) introduced by the irradiation then the log (Z}l/hFE) vs., log
IC plots have to be used instead. In practice there was very little dif-
ference between this and the log l/hFE vs. log IC plot when IB increased by

a factor of 20 or more.

Although method i) is more precise in obtaining n it is also far more
tedious and time conéuming than ii). In contrast the data necessary for
method ii) are relatively easily obtained on a high speed automatic transistor
gain tester like the Fairchild Series 500. Nevertheless, method i) also fur-
nishes actual IB vs. V data while ii) does not. In certain analyses the

BE

knowledge of the I_ values is just as important as the knowledge of the "n"

B
values.
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APPENDIX IT

"BIAS DEPENDENCE AND ORIGIN OF THE IONIZATION INDUCED SURFACE
DEGRADATION OF NPN PLANAR TRANSISTORS"

In spite of the many excellent technical papers in the area of irradiation
induced surface effects, some uncertainty still exists in the literature as to
the cause, or even to the existence of the bias dependence of the surface
degradation of NPN planar transistors. (We define bias dependence to mean
that the amount of surface degradation is dependent on whether the transistor

is reverse biased (C-B junction voltage)during exposure .

(Ref. II-1)

As an example, the Bendix group observed the bias dependence

of the surface degradation of NPN bipolar transistors but their finding was

(Ref. T1I-2)

at variance with that of Schmid who claimed no such dependence.

(Ref. II-3) also reported no bias dependence, whereas a recent paper by

(Ref. II-4)

Hughes
Poch and Holmes-Siedle calls the bias dependence "typical". The
surface degradation in papers II-1, II-2, and II-3 was explained in térms of
the charge accumulation on the SiO2 or in the SiO2 or both. Supplementing this

(Ref. II-5) (Ref. TI-6) _ inted out

model, the papers by Snow, et al , and by Maier
that the effect of the new interface states could be dominant over that of the
charge accumulation in causing surface degradation of planar transistors.
However, no study was carried out on the problem of bias dependence, if any.
Partially because of the contradictory claims as to the existence of bias
dependence which is an extremely important problem for prediction purposes, but
mainly because of the newly recognized role of the interface states, experi-
ments were carried out to study the bias dependence of surface degradation.

The experimental results were examined in terms of all the ideas used at present

to explain the irradiation induced surface effects. These ideas include i) the
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effect of the charge accumulation over the oxide surface with subsequent migra-

(Ref. 11_7), ii) the effect of the charge migration and

tion into the oxide
accumulation within the SiO2 due to the positive charges generated there, iii)
the effect of the creation of the new interface states which may or may not be
related to the positive charges within the oxide.

Type 2N1613 transistors from Fairchild were used in this study. The

following parameters were measured as a function of exposure: IB at VBE =

0.26v, 0.38v, 0.50V, IEBO at 2V reverse bias and CBE at zero bias to monitor

the surface conditions at the E-B junction; I;nv at VCB = 0.26V forward bias
(i.e., the base current in inverted transistor configuration), ICBO at 10V
reverse bias and CBC at zero bias to monitor surface conditions at the C-B
junction. The measurements of I, and I%nv) at low Vo, resulted in a high
sensiltivity in monitoring the surface conditions which is ordinarily not
possible with gain measurements.

Separate Co60—ar rays and 1 MeV electrons were used to produce ionization.
The evacuation of the transistors was accomplished by puncturing holes on the
cans consequently the devices were under vacuum only during electron exposure.
The different biases applied during exposure were turned off when the irradia-
tion was stopped. Then the devices were transferred into a 35°C temperature

chamber for all measurements but the C Many of the devices were used

BE? CBC'
over and over again in subsequent exposure runs by annealing the surface damage
after each exposure.

As a result of these investigations we repeatedly observed a very large
bias dependence of the surface damage on normal (gas filled) NPN transistors.
Namely, devices with a reverse biased C-B junction (10V) or in the usual active

state (reverse biased CB, forward biased EB) showed almost an order of magnitude

higher radiation sensitivity than the passive ones during exposure. Note that
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the final amount of damage for doses above::lO6 rads(Si) was approximately the
same for all the devices. 1I.,e., the substantial differences in radiation
sensitivity were evident only at the lower doses during measurements as a function
of dose. (Incidentally, part of the high surface damage tends to decay with

time after the irradiation is stopped and the bias 1s turned off. But after the
partial recovery is completed the surface damage is still far more than that on
the passive transistors.)

In sharp contrast to the behavior of the normal devices, no bias dependence
of the surface damage was found on evacuated NPN transistors under otherwise
identical exposure conditions. (Nevertheless, the surface degradation was still
substantial; the same as those of the passive devices normal or evacuated). It
appears then that the strong bias dependence of the surface degradation was en-
tirely due to the ionization of the gas within the can and to the fringing
electric field between the header and the base. Although this is a familiar
explanation, proposed almost 6 years ago, it is quite a surprising result in
view of the current models of radiation damage on oxidized Si surfaces. It
means that somehow we have to explain the observed bias (i.e., electric field)
independence of the surface degradation in the evacuated devices in terms of
one or both of the two degrading factors: the positive charge generation
within the SiO2 and the new interface states. Keeping in mind that the base
surface in the vicinity of the EB junction would be subjected to a weak
fringing field due to the reverse biased CB junction we believe that the
implications are the following:

i) The charge accumulation was sufficient to cause surface damage
elther by modifying the surface potentlial or by the effect of the charge

related interface states or both.
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This charge accumulation, however, was not affected by the fringing
electric field due to the biases (e.g., the diffusion was the dominant factor.)

ii) The charge accumulation, although affected by the fringing electric
field, was insignificant to cause damage through the modification of the surface
potential. Then apparently the primary cause of surface degradation was the
creation of the new interface states which were independent of the charge
accumulation in the SiOz. This last conclusion would be at variance with the
proposal by Goetzberger, et al (Ref. II-9) that the new interface states around
the middle of the bandgap are due to double charges or charge clusters in the
SiOz.

Significantly, the arguments presented in 1) and ii) above also follow

from the studies of I%nv and ICBO' Since the base contact overlaps the CB
junction in the Fairchild 2N1613 transistors, no charge accumulation on the
surface did take place. Nevertheless, a substantial degradation of both I%nv
and ICBO was usually observed for both normal and evacuated devices. However,
this degradation was always independent of reverse bilas (10V) across the CB
junction. This result can be understood only by argument similar to i) and ii).

Since it is difficult to see how the charge accumulation as presented in
i), could not be influenced by the high fringing fields (as caused by a 10-
volt reverse bias across the CB junction) and since the important role of the
new interface states in surface degradation is well established, we believe
that proposal ii) has higher credibility than 1).

Figures (II-1l) through (II-4) show some typical curves. To reduce con-
fusion on these preliminary figures, only the data of one transistor is shown
to represent a given test condition. The feasibility of using evacuated tran-

sistors in a radiation environment to make them more radiation resistant should

be explored and re-examined.

II-L



(amperes) at 0.26 volt

INV
B

Inverted Base Current, I

Base Current, IB (amperes) at 0.26 volt

10~

10°

2N1613 Ly I '
- S S ’
® Evacuated V'CB = 10 v Iy 4 J |
: A
10“7 1 1 =0 l
8 Norma E - .1 ma ] 4
A (Remeasured = a Day Later) 1
L4
oEvacuated Zero Bias on 5
O Normal Both Junctions é
-8
10
®
[
®
||
-9 o
10
8
o o]
3 0
' o | N 1
2x10% 10!t 1012 1013 ) 10t
Fluence, ¢ (Electrons/cm™)
Figure 1: BASE CURRENT, IB VERSUS FLUENCE
7k 8
8
4
]
) 2N1613
¢ » F
81 ® Evacuated ]
A =10 v, I, = 0.1 ma
@ Normal c8 E
o0 Evacuated
Zero Bias on Both Junctions
O Normal
i | | 1l
1010 1011 1012 1013 ) 1014
Fluence, ¢ (Electrons/cm’)
Figure 2: INVERTED BASE CURRENT, IéNV VERSUS FLUENCE

1I-5




10 v
2N1613 )
a . ’ !
'§ o Evacuated VCB = 10 volts : : 1
| ' A
Y ®Normal I = 0.1 ma ! A
E r
s
o 10‘9 — 4 (Remeasured = a Day Later) i
@ A
g O Evacuated . @
5 Zero Bias on °
o, oti
E 0 Normal Both Junctions )
g 1 .
&, .-10 o
- 10 —
4: .
§ 8
M ®
.
o
&
5 2
b 107 e s o e
a
9 » . o
= o o o
| | | 1 J
1011 1012 1013 5 1014
Fluence, ¢ (Electrons/cm)
Figure 3: LEAKAGE CURRENT, IEBO VERSUS FLUENCE
w
4
< _
> 2N1613
S 7]
1 o Evacuated . ®
Iy Zero Bias on Both Junctions 9
i 10'9 | O Normal E
o
s ® Evacuated i
g VCB = 10 v, IE = 0.1 ma
3 ® Normal e
2
U -—
=10 101 ) 8 i
o B . °
5 ™ (=}
0 °
o
=)
O
o
a0
3 10~ 11 ] I I I
o
3 1010 10ll 1012 l013 1014

Fluence, ¢ (Electrons/cmz)
Figure 4: LEAKAGE CURRENT, ICBO VERSUS FLUENCE

II-6



—

-

REFERENCES

II-1. C.D. Taulbee, et al., Radiation Effects in Electronics, ASTM Special
Technical Publication, 384, 121 (1964).
D. L. Nelson and R. J. Sweet, IEEE Trans. Nucl. Sci. NS-13, 197 (1966).

11-2. E. R. Schmid's work have been quoted by J. P. Mitchell and D. K. Wilson,
Bell Syst. Techn. J. XLVI, 1 (1967) on p. 48.

II-3. H. L. Hughes, IEEE Trans. Nucl. Sci. NS-12, 53 (1965).

II-4. W. Poch and A. G. Holmes-Siedle, IEEE Trans. Nucl. Seci. NS-15, 213
(1968). B

I11-5. E. H. Snow, et al., IEEE Proc. 55, 1168 (1967).

II-6. R. J. Maier, IEEE Trans, Nucl. Sci. NS-14, 252 (1967).

II-7. P. J. Estrup, Sol. State Electr. 8, 535 (1965).

II-8. See also:
P. R. Measel and R. R. Brown, IEEE Trans. Nucl. Sci. NS-15, 224
1968). L. L. Sivo and R. R. Brown, Contract NAS5-10443, Document
No. D2~125680-2.

I1-9. A. Goetzberger, et al., Appl. Phys. Letter, 12, 95 (1968).

NASA-Langley, 1970 — 9 CR-l566 II-7



